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Abstract

Phosphorus deficiency induces biochemical and morphological changes which affect crop

yield and production. Prompt fluorescence signal characterizes the PSII activity and electron

transport from PSII to PSI, while the modulated light reflection at 820 (MR 820) nm investi-

gates the redox state of photosystem I (PSI) and plastocyanin (PC). Therefore, combining

information from modulated reflection at 820 nm with chlorophyll a fluorescence can poten-

tially provide a more complete understanding of the photosynthetic process and integrating

other plant physiological measurements may help to increase the accuracy of detecting the

phosphorus deficiency in wheat leaves. In our study, we combined the chlorophyll a fluores-

cence and MR 820 signals to study the response of wheat plants to phosphorus deficiency

as indirect tools for phosphorus plant status characterization. In addition, we studied the

changes in chlorophyll content index, stomatal conductance (gs), root morphology, and bio-

mass of wheat plants. The results showed an alteration in the electron transport chain as a

specific response to P deficiency in the I-P phase during the reduction of the acceptor side

of PSI. Furthermore, P deficiency increased parameters related to the energy fluxes per

reaction centers, namely ETo/RC, REo/RC, ABS/RC, and DIo/RC. P deficiency increased

the values of MRmin and MRmax and decreased νred, which implies that the reduction of PSI

and PC became slower as the phosphorus decreased. The principal component analysis of

the modulated reflection and chlorophyll a fluorescence parameters, with the integration of

the growth parameters as supplementary variables, accounted for over 71% of the total vari-

ance in our phosphorus data using two components and provided a reliable information on

PSII and PSI photochemistry under P deficiency.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0286046 May 24, 2023 1 / 21

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: El-Mejjaouy Y, Belmrhar L, Zeroual Y,

Dumont B, Mercatoris B, Oukarroum A (2023)

PCA-based detection of phosphorous deficiency in

wheat plants using prompt fluorescence and 820

nm modulated reflection signals. PLoS ONE 18(5):

e0286046. https://doi.org/10.1371/journal.

pone.0286046

Editor: Mayank Gururani, United Arab Emirates

University, UNITED ARAB EMIRATES

Received: March 6, 2023

Accepted: May 7, 2023

Published: May 24, 2023

Copyright: © 2023 El-Mejjaouy et al. This is an

open access article distributed under the terms of

the Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting information

files.

Funding: This work was supported by the Funders

of the SoilPhorLife Program, OCP Group (https://

www.ocpgroup.ma/) and Prayon (https://www.

prayon.com/en/company/). The funders had no

role in study design, data collection and analysis,

decision to publish, or preparation of the

manuscript.

https://orcid.org/0000-0001-8411-3990
https://orcid.org/0000-0002-1942-5610
https://doi.org/10.1371/journal.pone.0286046
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286046&domain=pdf&date_stamp=2023-05-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286046&domain=pdf&date_stamp=2023-05-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286046&domain=pdf&date_stamp=2023-05-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286046&domain=pdf&date_stamp=2023-05-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286046&domain=pdf&date_stamp=2023-05-24
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0286046&domain=pdf&date_stamp=2023-05-24
https://doi.org/10.1371/journal.pone.0286046
https://doi.org/10.1371/journal.pone.0286046
http://creativecommons.org/licenses/by/4.0/
https://www.ocpgroup.ma/
https://www.ocpgroup.ma/
https://www.prayon.com/en/company/
https://www.prayon.com/en/company/


Introduction

Phosphorus is a vital element in photosynthesis, which affects in e.g, ATP and NADPH forma-

tions, as well as in sugar phosphates and phospholipids, which are strongly involved in photo-

synthesis [1]. Consequently, phosphorus deficiency affects crop yield and production.

Phosphorus (P) is a relatively immobile nutrient in soil because of its great adsorption to the

soil matrix, and more than 80% amount is present in an unavailable form for plant uptake [2].

Thus, the application of P as fertilizer might be necessary to ensure plant growth and develop-

ment. Plants absorb phosphorus in the form of orthophosphate H2PO4
−, HPO4

2- [3]. However,

in recent decades, water-soluble phosphorus fertilizers, called polyphosphates (PP), have been

used in different agricultural systems [4]. Polyphosphates are anionic linear polymers of ortho-

phosphate linked by hydrogen phosphate bonds. Supplied PP in the nutrient solution has been

reported to enhance plant growth and its development, such as earlier flowering [5]. In sweet

pepper fruits, PP increased the photosynthetic capacity and the total yield [6].

Phosphorus deficiency has been reported to have a direct effect on plant growth and pro-

ductivity, impacting both shoot and root compartment [7]. Under limited P supply, plants

develop multiple responses. They can proceed by decreasing the growth rate of aboveground

biomass—therefore increasing the growth per unit of P uptake—or by inducing changes in

their root architecture to increase mobilization of soil P reserves [8]. Sitko et al. [9] observed

low photosynthetic and transpiration rates, and a maximum inhibition of stomatal conduc-

tance in P-deprived plants compared to Ca, K, Mg deficiencies. Decrease in stomatal conduc-

tance and photosynthetic and transpiration rates was also reported by Veronica et al. [10] for

all rice genotypes grown at low P concentrations. Phosphorus stress disturbs the photosyn-

thetic pigment production such as chlorophyll and anthocyanin. P deficient plants have higher

anthocyanin content that causes generally an enhancement of red colouration [11]. Phospho-

rus stress in plants also causes a change in their optical and spectroscopic properties such as

fluorescence [12]. Under solar radiation, chlorophylls in the chloroplasts absorb a significant

fraction of the light, transmit another fraction, and reflect the third. The absorbed part may be

involved in photochemical reactions related to photosynthesis, or it may be dissipated in the

form of heat or chlorophyll fluorescence emission [13]. Depending on the wavelengths, these

proportions vary depending on the regulation dynamics and the chemical and physical com-

position of the leaves. Therefore, understanding the fluorescence emission of leaves in

response to phosphorus stress can provide an accurate assessment of physiological state of the

plant and its phosphorus status.

It was suggested that nutrient deficiency induces a specific response in plants, as it affects

the electron transport chain compounds associated with the photosystem II (PSII) donor or

acceptor sides, or with the photosystem I (PSI) acceptor side [14]. Additionally, they have

demonstrated that nutrient deficiency reduces the PSII photochemical efficiency and the frac-

tion of active reaction centers that participate in non-photochemical dissipation of the

absorbed energy in the PSII antenna. Phosphorus deficiency stress was found to affect the elec-

tron transport at photosystem I (PSI), which had led to the alteration of the I-step of the fluo-

rescence transient, called also the OJIP transient [15]. In addition to the analysis of the OJIP

curve shape, chlorophyll a fluorescence parameters were also used to study P deficiency effect

on photosynthetic activity. According to Veronica et al. [10], low phosphorus increased the

nonphotochemical quenching while decreasing the effective PSII quantum yield, electron

transport rate, and the coefficient of photochemical quenching. Kalaji et al. [14] investigated

the effect of P deficiency on photosynthetic parameters in tomato plants. P deficiency has

affected photosynthetic parameters related to energy dissipation such as φDo and DIo/RC to

protect nutrient-deficient leaves from excessive absorbed light energy and photo-oxidative
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damage. Simultaneous chlorophyll fluorescence OJIP transients and 820 nm-modulated reflec-

tion measurements allow to explore the photosynthetic electron transport chain reduction and

the interaction between PSII and PSI [16], which provides useful information about the photo-

synthetic activity. The prompt chlorophyll fluorescence induction provides information

regarding the PSII reactions, while the electron flow from the plastoquinone to the PSI is stud-

ied by measuring the modulated reflection at 820 nm [17, 18]. Chlorophyll a fluorescence tran-

sient (OJIP transient) has been widely used to study the photosynthetic electron transport

performance and related photosynthetic processes in stressed plants [19–23].

The simultaneously recorded signals of photoinduced prompt chlorophyll fluorescence

(PF) and modulated reflection (MR) at 820 nm were used to assess the effect of different stress-

ors on the plant physiological state, namely drought stress, nitrogen deficiency, soil salinity,

temperature, and zinc application [16, 17, 24, 25]. However, few recent research was con-

ducted to simultaneously monitor PSI and PSII performances for phosphorus deficiency. P

deficiency affects electron flow from the plastoquinone pool to PSI probably due to a fast and

strong generation of Photosynthetic Control [26]. The chlorophyll fluorescence measurements

have been proved to characterize the PSII activity and electron transport from PSII to PSI and

to present great sensitivity. However, it was assumed that complementary information about

PSI given by MR signal and its parameters can offer a clear and complete understanding of the

effects of phosphorus on photosynthetic apparatus, and enhance the accuracy of phosphorus

deficiency detection, in addition to the information provided by chlorophyll fluorescence

measurements.

In this study, the impact of phosphorus deficiency on the growth of wheat plant (Triticum
durum L.) was investigated. The way in which P deficiency affects PSII and PSI photochemis-

try was analyzed in vivo, using two signals measured simultaneously, namely chlorophyll fluo-

rescence transient and modulated reflection at 820 nm (MR). The parameters related to the

chlorophyll a fluorescence and MR signals, along with other physiological and morphological

measurements, were utilized to investigate their potential in detecting phosphorus deficiency

in wheat leaves.

Materials and methods

Plant material, fertilisation, and experimental design

Wheat seeds (Karim variety—Triticum durum L.) were sown in peat and irrigated every day

for six days with distilled water, under controlled conditions with a temperature of 25˚C,

light intensity of 104 μmol m-2 s-1, photoperiod of 12-hour light/12-hour dark, and humidity

maintained at 60%. We transplanted the seedlings into Hoagland solution specifically formu-

lated for wheat seedlings, which was changed each 3 days. The macronutrients in the solution

were as follows: (in mM): 0.5 Cl, 2.5 Ca, 7.5 N, 3.0 K, 1.0 S, 1.0 Mg, and P (see here after)—as

well as the following micronutrients: (in μM) 60 Fe, 19 B, 0.92 Zn, 3.64 Mn, 0.47 Cu, and

0.01 Mo.

Wheat plants were hydroponically cultivated using two different doses of P, to create a well-

nourished reference treatment and a deficient treatment. Under the full P dose, the plants

were treated with 0.5 mM, and under the P1/2 dose, plants were treated with 50% of their

phosphorus’ need (i.e. 0.25mM). Three sources of P, provided from three water-soluble fertil-

izers forms, were tested: two orthophosphates (Ortho-A and Ortho-B), and a polyphosphate

(Poly-B). In addition to the two phosphorus concentrations, a control treatment (C) was

added, in which no phosphorus was added to the nutrient solution. The experiment was con-

ducted in a completely randomized block design, all the treated plants were grown simulta-

neously in identical conditions and each treatment was replicated three times. For each
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replicate, 12 seedlings were transplanted, for a total of 252 plants ((3 P form x 2 P doses + Con-

trol) x 3 replicates). Measurements were taken after one and six weeks of growth in the nutri-

tive solutions.

Chlorophyll content index

Chlorophyll content index (CCI) values were measured using a non-destructive portable chlo-

rophyll meter (CL-O1, Hansatech instruments). CCI data were acquired from the middle part

of the mature wheat leaves of all plants, after having been kept 1 min in the dark. For each

treatment, the CCI measurements were taken on at least 6 independent leaves (i.e., from six

plants) per replicate.

Stomatal conductance

The stomatal conductance (gs) of all treatments was determined using a leaf porometer (SC-1

Leaf porometer Decagon Devices, Inc.). Measurements were made in the morning. At least 6

independent measurements (six plants) were taken, and the average was used for analysis.

Root morphology

After six weeks of growth, 10 roots were collected and spread with water in a plastic box. The

Epson Perfection LA2400 scanner was used to image the roots. The obtained images were then

analyzed using WinRHIZO software (Regent Instructions, Quebec, Canada) to measure root

length, root surface area, root volume and tips.

Biomass

After six weeks of plant growth in nutritive solution, 6 roots and shoots were chosen among

the plants used for roots scanning in order to determine the biomass. The samples were kept

in an oven for at 70˚C for 2 days to measure the dry mass.

Phosphorus content analysis

Elemental concentration of P was analyzed on a dry-mass basis using Inductively Coupled

Plasma Optical Emission Spectrometry (Agilent 5110 ICP-OES, USA). The dried samples

were divided into 3 subsamples to get the minimal dry mass required for the chemical analysis

in order to quantify P content.

Prompt fluorescence and modulated reflection at 820 nm

M-PEA-1 instrument (Hansatech Instruments Ltd, King’s Lynn, UK) allows to determine the

prompt chlorophyll fluorescence and modulated reflection at 820 nm measurements simulta-

neously. Before taking the measurements, the plants were kept in darkness for 10 min. The

M-PEA instrument has two types of LEDs emitting at 627±10 nm and 820±25 nm, respec-

tively. During the fluorescence measurements we used the red actinic illumination of

5000 μmol photon m−2 s−1 for 10s. The modulated reflection at 820 nm is represented by the

MR/ MRo ratio, where MRo is the value at the onset of the actinic illumination; this ratio is

complementary to the ratio (Iabs/Iinc)820 nm, where Iinc is the incident light and Iabs is the light

absorbed by the sample at 820 nm [27]. The MRt/MRo ratio, where MRt is the modulated

820-nm reflection signal recorded at each time step during the 1s illumination, and MRo is the

value at the beginning of actinic illumination, measured at 0.3 ms. The MRmin and MRmax rep-

resents the minimal and maximal MRt/MRo values, which were obtained at 20 ms and 300 ms,

respectively.
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Additionally, the νox and νred values, which were used in the PCA analysis, were calculated

using the following formulas:

nox ¼ MRmin � MRoð Þ= 20 � 0:3ð Þ ð1Þ

nred ¼ MRmax � MRminð Þ= 300 � 20ð Þ ð2Þ

They represent the rates of P700+PC oxidation and the subsequent re-reduction, respec-

tively (see e.g., [28]). When the oxidation and the re-reduction rates are equal, a transitory

steady state occurs as the min of MRt/MRo (MRmin).

The O-J phase is referred to as the photochemical phase of the prompt chlorophyll fluores-

cence curve, as the J amplitude increases with the light intensity [29–31]. This photochemical

phase provides information on antenna size and PSII reaction centres connectivity [32]. The

J-P phase is named the thermal phase [29]. The J-I phase was proposed to be linked with the

reduction of the PQ-pool, while the I-P phase was associated with electron transport through

PSI [33, 34].

The effect of P deficiency on OJIP characteristics was investigated by normalizing the fluo-

rescence curves obtained during the IP phase to the fluorescence reported during the I stage

(FI) using the formula Ft/FI. The curves were also double normalised between I and P phase

using the fluorescence at I and P steps (FI and FM, respectively) [14], following VIP = (Ft − FI)/

(FM − FI), which allow to evaluate changes in PSI as changes in the VIP follow changes in PSI

content. In addition, the relative variable fluorescence at J-step (VJ) and I-step (VI) were calcu-

lated using, respectively, the following equations:

VJ ¼ FJ � FO

� �
= FM � FOð Þ ð3Þ

and

VI ¼ FI � FOð Þ= FM � FOð Þ: ð4Þ

To better investigate the effect of P supply on chlorophyll fluorescence transients, the differ-

ential curves (ΔVt) were calculated by subtracting the double normalized fluorescence values

between FO and FM (Vt), measured in plants growing in sufficient P concentration(P) from

those recorded in plants growing in low P concentrations (Control and P1/2) [35]:

Vt ¼ Ft � FOð Þ= FM � FOð Þ: ð5Þ

DVt ¼ Vt ðControl and P1=2Þ � VtðPÞ: ð6Þ

The OJIP parameters were averaged for each P concentration, normalized to the values

from the control treatment, and presented as radar plots. Due to the small number of observa-

tions (n = 20), the OJIP parameters were reduced to 12 parameters based on the radar charts

result and our previous study [21]. Then, ones of the highly correlated fluorescence parameters

were chosen for the analysis. MR changes were represented only by νox and νred since they are

highly correlated to MRmin and MRmax. The selected variables were used to conduct a principal

component analysis (PCA), in addition to plant growth parameters that were added as supple-

mentary variables. The description of JIP-test and modulated reflection parameters is given in

S1 Table.
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Statistical analysis

Statistical analysis ANOVA (for P<0.05) was performed using SPSS data processing software

(SPSS 20.0) considering three independent replicates per treatment. Normal distribution of the

data was checked, and the homogeneity of variances was tested operating the Levene’s test with

p-value equal to 0.05. The two-way analysis of variance was performed to investigate the inter-

action of fertilizer form vs phosphorus level (p< 0.05). If significant interactions were found,

the treatments were intercompared and ranked using Tukey post-hoc test at a 0.05 confidence

level. The principal component analysis was conducted in RStudio using the measurements of

the sixth after transplantation and all the variables were centered and scaled before the analysis.

Results

Chlorophyll content index, stomatal conductance, and biomass

Fertilizer form and phosphorus level was found to have a significant impact on the chlorophyll

content index (CCI) after six weeks following transplantation. The polyphosphate fertilizer

form at the concentrations P1/2 and P had the highest values of CCI followed by the control

treatment. Regardless of the P level used, the ortho-A and the ortho-B fertilizer forms had the

lowest values values of CCI (Fig 1A).

Six weeks after transplantation, the interactive effect of fertilizer form and applied phospho-

rus amount had a significant effect on the stomatal conductance (gs). In Fig 1B, the stomatal

conductance showed a slight decrease to 120 mmol m-2 s-1 in deficient leaves grown in the

control and P1/2 treatments control, provided by the ortho-A and ortho-B fertilizer forms.

Poly-B fertilizer form seems to enhance stomatal conductance in plants growing at low P (P1/

2) and it was 35% higher compared to plants growing in sufficient P (P).

The fertilizer form had no effect on shoot dry mass and shoot/root ratio (Fig 2A and 2D).

Excluding the Ortho-A fertilizer form, the control plants had the lightest shoots of 0.18 g and

the sufficient P treatment enhanced the shoot dry mass. On the other hand, an interactive

effect of fertilizer form and P level was observed on root dry mass and mass density (Fig 2B

and 2C). The control plants showed the highest ratio value of 0.39 and the highest value of root

mass density (0.16 g.cm-3), whereas there was no significant difference between the P1/2 and P

treatments.

Root morphology

Length and tip parameters of the root morphology were analyzed and showed in Fig 3. Both

parameters were affected by the interaction of fertilizer form and P level, this effect was more

prominent on root tips than on length. The absence of phosphorus increased total root length

compared to other treatments (Fig 3A). Four groups were distinguished for tips parameter, the

highest value was observed in P treatment provided from poly-B fertilizer while the lowest was

recorded by the ortho-B at P deficient treatment (P1/2) (Fig 3B).

Prompt fluorescence and modulated reflection signals. The prompt chlorophyll fluores-

cence measured after 6 weeks in all plants showed a typical transient OJIP form. Under low P,

the O-J and J-I phases seemed to be unaffected by the P treatment. However, plants of the

nutritive solution with low P concentration showed differences in the rise kinetics reported at

I-level and during I-P phase (Fig 4A).

FIP amplitude (Fig 4B) was greater in plants growing without P and its shape was distin-

guishable from plants growing at low or sufficient P concentration. The slope of the IP rise

phase in plants growing in low or sufficient P was steeper than it was in plants growing without

P (Fig 4C). For plants grown in sufficient or low P concentration, the IP phase of the OJIP
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curve displayed a sigmoidal curve which tended to disappear in plants growing in nutritive

solution without P (Fig 4A–4C).

Changes in OJIP transients were also defined by the difference in variable fluorescence curves

ΔVt (Fig 5). The ΔVt curves were calculated at the beginning of treatment (1week) and after six

weeks of treatments and results are reported at Fig 5. At the beginning of treatment (Fig 5A),

analysis of the fluorescence transients revealed that the effects of P deficiency occurred over the

whole OJIP phases. However, after 6 weeks of treatment, changes were evident in the J-P phase.

Two bands with peaks appeared at 30 ms (I step) and at 100 ms (H band). The difference kinet-

ics showed hidden bands between the steps O, J, I, and P without subtraction from control. We

Fig 1. Effect of P fertilizer form combined with P level on the two parameters. (A) chlorophyll content index (B)

and stomatal conductance (B). Comparison of results using the Tukey test are reported on the graph using letters;

identical letters indicate that results belong to the same statistical group.

https://doi.org/10.1371/journal.pone.0286046.g001

PLOS ONE PCA-based detection of phosphorous deficiency in wheat plants

PLOS ONE | https://doi.org/10.1371/journal.pone.0286046 May 24, 2023 7 / 21

https://doi.org/10.1371/journal.pone.0286046.g001
https://doi.org/10.1371/journal.pone.0286046


should note that plants growing in Poly-B with 50% P concentration (P1/2) seems to be tolerant

to P deficiency at the beginning of treatment, with the exhibition of positive bands. To a lower

extent, plant growing in Ortho-B à 50% P concentration seemed less impacted by P-deficiencies,

as compared to plant growing in Ortho-A at similar concentration. However, after 6 weeks of

treatment (Fig 5A), ΔVt showed the same patterns for all forms, respectively under each dose.

Changes in the 820nm modulated reflection were used in this study to probe electron flow

through PSI. Fig 5B shows the kinetic changes of MR induced by red actinic light of 5000 mmol

photons m-2 s-1 in leaves of seedlings growing in different P concentrations provided from dif-

ferent water-soluble fertilizer forms. These changes in MR reflect the redox states of P700+PC.

Globally, the kinetics of the normalized MR suggest that the initial oxidation (the decreasing

phase) followed by the re-reduction of P700 and PC (the increasing phase) and the two phases

are separated by a transitory state, with similar rates of oxidation re-reduction rates of P700 and

PC (MRmin). Our results also showed alterations both in the amplitude and the rate of photoin-

duced changes of MR in P-deficient wheat seedlings compared to plants growing in sufficient P.

At the beginning of treatment (S1 Fig), kinetic changes in the 820 nm modulated reflection

showed equal re-reduction of P700 and PC, and this happened after 20 ms, except in plants

growing in nutritive solution with Ortho-A and sufficient P for which P700 and PC were re-

reduced after 16 ms. After 6 weeks of treatment (Fig 5B), we observed that re-reduction of P700

and PC occurred after 14 ms in all plants grown without P.

Fig 2. Growth parameters of wheat seedlings after 6 weeks of growth. (A) Shoot dry mass, (B) root dry mass, (C) root mass density, and (D)root/

shoot ratio. (A; effect of fertilizer form) and (a and b; effect of P level).

https://doi.org/10.1371/journal.pone.0286046.g002
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Shoot phosphorus content

The results of our quantitative analysis of the P content in the leaves of wheat plants grown 6

weeks in hydroponic culture is presented in Fig 6. The ANOVA analysis showed an interactive

effect between the studied factors. Regardless of the fertilizer form, plants grown in sufficient P

showed the higher and significant P leaves content. However, under the P deficient treatment

(P1/2), the leaves contained less P, and significant differences were observed between plants

fertilized with different fertilizer forms. Plants grown in P1/2 provided by the Ortho-B form

showed the highest P content. In comparison, plants grown in nutritive solution without P

(Control) absorbed 0,16 mg.100 g-1, which had the least amount of absorbed P compared to

the other treatments.

Fluorescence and MR at 820 nm parameters

To understand better the effect of P deficiency on the chlorophyll a fluorescence transient,

quantitative fluorescence parameters were normalized to the control treatment for each fertil-

izer form and presented in radar plots. Regardless of the fertilizer form, P deficient treatment

increased significantly the parameters related to specific energy fluxes (i.e., per reaction center)

such as electron transport in an active RC (ETo/RC) and electron transport beyond PSI (REo/

RC) (Fig 7). Additionally, P deficient plants grown in ortho-A fertilizer form had higher values

Fig 3. WinRhizo root images of the studied treatments and their effects on root parameters. The measurements of root morphology

parameters, length and tips, were taken at 6 weeks after transplantation into Hoagland solution. The treatments are: fertilizer forms: Ortho-1,

Ortho-B, and Poly-B, combined with two doses: 50% of P needs (P1/2), 100% covering plant P needs (P), and P deficient treatment as a control

(C).

https://doi.org/10.1371/journal.pone.0286046.g003
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Fig 4. Chlorophyll a polyphasic fluorescence rise O-J-I-P of plants, at 6 weeks after transplantation. (A) The OJIP transients are plotted on

logarithmic scale and (B) the relative (Ft/FI) ratio are presented for a single turn-over phase (I-P). (C) The relative variable fluorescence of the

different fluorescence transients, calculated as Vt = Ft − FI / FM − FI, are plotted for a single turn-over phase (I-P).

https://doi.org/10.1371/journal.pone.0286046.g004
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of dissipated energy flux and absorption flux per reaction center, represented by DIo/RC and

ABS/RC, respectively (Fig 7A).

Principal component analysis (PCA) was performed to highlight the relationship between

the studied variables (Fig 8). Results showed that the first two components (PC1 and PC2)

explained 46.6% and 24.6% of the overall variance, respectively, which is over 71% of the vari-

ability. PC1 was highly and positively loaded by the fluorescence parameters including dV/dto,

ABS/RC, DIo/RC, TRo/RC, and VI and negatively correlated to Sm/t(Fm), Phi(Po), Phi(Ro),

and PIabs. On the other hand, MR parameters νred and νox determined the variation in PC2, in

addition to REo/RC and ETo/RC. The loadings are presented in S2 Table. The PCA-biplot

revealed that plants grown in the absence of P have high values of root parameters, parameters

related to the energy fluxes per reaction center, and oxidation rate. Increasing P supply has

increased the re-reduction rate of P700 and PC and the relative fluorescence at the I and J

steps, Chlorophyll content index was positively and highly correlated to the quantum yield for

reduction of end electron acceptors at the PSI acceptor side (φRo).

Discussion

In this study, we focused on some specific morphological and physiological adaptation pro-

cesses and how combining chlorophyll a fluorescence transient and modulated reflection at

820 nm can enhance P deficiency detection.

Fig 5. Changes in differential chlorophyll fluorescence curves modulated reflection at 820 nm. (A) Differential

chlorophyll fluorescence normalized between O and P (ΔVt) and (B) changes in modulated reflection at 820 nm in

leaves of seedlings grown for six weeks in different P concentrations and fertilizer forms. The MR820 curve is the

average of 5 measurements (n = 5). ΔVt were calculated by subtracting the double normalized fluorescence values

between FO and FM (Vt), measured in plants growing in sufficient P treatment from those recorded in plants growing

in low P concentrations (C and P1/2) using the formula ΔVt = Vt (Control and P1/2) -Vt(P).

https://doi.org/10.1371/journal.pone.0286046.g005
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The impact of P deficiencies on morphological traits

According to previous research, the root system of P-deficient plants can undergo morpholog-

ical and architectural changes to optimize P uptake. A preferential allocation of biomass to the

roots, leading to an increased root/shoot ratio, was also described as a response to P deficiency

[36–40]. Similar trends were reported in this study for plants experiencing P deficiencies (Fig

2B and 2D). As shown in Fig 3, our results suggest that plants grown in P-deficient solutions

have altered root length and tips. Furthermore, our results confirm that the soluble fertilizer

form also plays a role in determining the root morphology system. This might be explained by

differences in the hydrolysis of water-soluble fertilizer forms that allowed P to be more avail-

able to root and then to shoot. In a recent study, it has been reported that water-soluble forms

of fertilizer affected chickpea P uptake capacity [41]. In hydroponic conditions, Bessa et al.

[42] observed that the P concentration in the plant tissues was positively correlated with root

length, volume, and root dry mass of Cagaita plant. Several investigations have shown that

changes of the root architectural system was a genotypic adaptation to P deficiency to allow a

more efficient P uptake and to facilitates P absorption [43–45]. In accordance with these stud-

ies, it appears that Ortho-A makes P more available for plants, as confirmed by the P content

absorbed compared to other treatments, even at a low content of P in the nutritive solution.

The impact of P deficiencies on photosynthetic activity

It is well known that plant development and plant production is dependent upon net photo-

synthesis. Therefore, nutrients that affect photosynthesis, such as P, should also affect plant

growth and development [37]. In our study, the decrease in stomatal conductance observed

under P-deficient treatment might have undoubtedly induced a decrease in gas exchange. It

has been reported that the regulation of stomatal opening and closure has a direct influence on

the reduction of transpiration and solute transport through the plants [46]. We therefore

Fig 6. Phosphorus concentration in wheat plants grown in different P treatments for 6 weeks. The hydroponic

solution was supplied with deficient (C and P1/2) and sufficient P (P) concentrations provided from different water-

soluble fertilizers forms.

https://doi.org/10.1371/journal.pone.0286046.g006
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Fig 7. Radar plots of changes in JIP test parameters normalized to the values of the control treatment. (A) Ortho-

A fertilizer form, (B) Orth-B, and (C) Poly-B. For each fertilizer form, means of fluorescence parameters marked by an

asterisk differ significantly (p< 0.05, n = 10).

https://doi.org/10.1371/journal.pone.0286046.g007
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Fig 8. The principal component analysis biplot showing the first two variables of the principal component

analysis. The black arrows represent the investigated parameters, and the size of the line is the weight parameter to

define the principal component. The blue dashed arrows represent the supplementary variables. The marks represent

the replicates colored by (A) the P level (C, 1/2P, and P) and (B) by fertilizer form. The big marks represent the

barycenter of each P level.

https://doi.org/10.1371/journal.pone.0286046.g008
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notice that plants experiencing P deficiency modulate their stomatal conductance to optimise

the rate of CO2 and water loss, to further preserve the energy used in photochemical phase in

photosynthesis.

Regardless of the form of the water-soluble fertilizers, the effect of P deficiency on wheat

depended on the concentration of P in the nutrient solution. In our experiment, after 6 weeks

of treatment, the I-P phase was strongly affected (Fig 4A and 4B). The I-to-P rise was shown to

be influenced by the electron transfer through cytochrome b6f to the PSI acceptor side [47].

Our results confirm previous data on the effect of P deficiency on IP phase of the OJIP tran-

sient [48, 49]. Furthermore, ΔVIP was selected as one of the most important parameter to char-

acterize the variability of plant photosynthetic efficiency [50]. The I-P phase has been used as

an indicator to measure the PSI activity and the decrease of the I-P amplitude has been linked

to a decrease of the content of PSI reaction centers [51]. On the other hand, it was reported

that the I-P phase amplitude is independent of PSI activity since the low content of photo-oxi-

dizable PSI did not result in a decrease in the amplitude of variable fluorescence between I and

P steps [51]. The lost of the sigmoidal shape of the I-P phase may result from the regulation of

rate of ATP and NADPH consumption in the Calvin cycle, which is affected indirectly by stro-

mal orthophosphate and triose-P levels of the Calvin cycle [15]. P deficiency slow down the

rate of ATP synthase, protons will accumulate in the thylakoid lumen, producing acidification,

and the oxidation of the plastoquinone (PQH2) pool at the cytochrome b6f complex in the

electron transport chain would eventually slow down. The I-step shape reflects how the

reduced oxidation will alter the flow of electrons towards photosystem I (PSI) [52]. Also,

increased I level at low P in our study (Fig 4C) indicates a slower electron flow to the PSI

acceptors [53]. Furthermore, we suppose that P deficiency can alter the rate of NADPH and

ATP consumption in the Calvin cycle. In a recent study, it was proposed that adequate P fertil-

ization enhances NADPH consumption in the Calvin cycle [54].

The emergence of ΔI-band in the differential chlorophyll fluorescence curves normalized

between O and P (ΔVt) might be linked to the damaged PSII’s acceptor side more severely

than its donor side [55]. We suppose that the decreases of ΔVt during the I-P phase reflects a

decrease in the efficiency with which an electron is transferred to the PSI acceptor side. Ceppi

et al. [56] suggest that relative changes in the PSI-content of the leaf can be effectively inferred

from changes in IP-amplitude. The H-band that was observed after 6 weeks of growth without

P fertilization (Fig 5A) were previously revealed in the fluorescence rise in PEG-6000 drought-

stressed barley plants [57]. The H-band was attributed to an early activation of FNR in these

plants [58]. Following a PSI fluorescence model, Lazár suggests this band, which appeared

after the I step, reflects a PSI variable fluorescence [59]. It has been also linked to the reduction

and oxidation of the plastoquinone pool (PQ, PC, and Cyt) and its size [60]. A positive H-

band in P deficient leaves resulted from the higher reduction of PQ pool and the accumulation

of reduced PQ electron carriers, which results a decrease in its capacity. Positive amplitudes of

the difference in variable fluorescence curves were usually linked to nutrient deficiency [14].

On the other hand, leaves exhibited negative amplitudes of ΔVt and the amplitude is more

prominent under high deficiency treatment (control) than in moderate P deficiency treatment

(P1/2) (S1A Fig). This was attributed to a slower reduction of the PQ pool in plants under high

P deficiency compared to P1/2 treatment [61].

When exposed to phosphorus deficiency, parameters related to the energy fluxes per reac-

tion center, namely ETo/RC, REo/RC, ABS/RC, and DIo/RC, were increased. These flux ratios

are influenced by the active/inactive RCs, as the numbers of active centers decreased the two

ratios increased [62]. The photons absorption and energy dissipation per reaction center

increased with a decreasing P leaves content. Decreasing phosphorus level might affects the

function of reaction centers, or the number of reaction centers in the PSII. In a previous study,
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the authors attributed the reduction in the number of reaction centers to the lower Fo values

in a benthic diatom strain [63]. When studying the effect of P on electron transport chain of

barley plants, phosphorus deficiency was found to reduce the PSII quantum yield, linear elec-

tron flow, and the fraction of open reaction centers [52]. An increase of ABS/RC and TRo/RC

has been also observed by Meng et al. [37] while studying the phosphorus deficiency effects on

photosynthetic performance in Citrus grandis leaves. The increase of the energy trapped by

leaves per reaction center under phosphorus deficiency was attributed to the decrease of PSII

active reaction centers or an increase in antenna size [19]. Nitrogen deficiency increased the

antenna per active PSII RC (ABS/RC) and increased DIo/RC, as a consequence of the inactiva-

tion of some PSII reaction centers [64]. The quantum yield for reduction of end electron

acceptors at the PSI acceptor side (φRo) was correlated to the first PC and showed a good rela-

tionship with chlorophyll content index. The strong correlation between fluorescence parame-

ters, namely PSII quantum yield and efficiency, was explained by the fact that energy

absorption and fluorescence emission are dependent on chlorophyll molecules [65]. Unfortu-

nately, the data related to the effect of phosphorus on the modulated reflection at 820 nm is

limited. In our study, the effect of P was observed starting from the steady phase (MRmin) to

the re-reduction phase (νred) (Fig 5B). The P-deficient plants had the highest values of MRmin

and MRmax at the sixth week after transplantation. P deficiency decreased νred, indicating a

slower re-reduction of P700+ and a slower PSI photochemical activity, which is the result of

slower electron donation from P680. Similar result were reported by Feng et al. [24]; nitrogen

deficiency has increased the MRmin of canola plants while increasing nitrogen N level

increased the νred and νox. The increase of MRmin and the decrease of νox has been linked to

the slow oxidation rates of P700 and PC and the reduction of PSI photochemical activity [66].

In contrast to the previous study, our findings didn’t confirm the decrease of the νox parameter

at either of the measurement times, which was the result of the decline of the photosynthetic

activity. Dąbrowski et al. [67] also found no decrease in the oxidation rate under the drought

stress. It has been shown that only high stress may significantly impact the photoinduced vari-

ations in the P700 redox state in the fast phase, where the oxidation occurs [33].

Conclusion

Results presented in this study confirm the idea that changes in root morphology and biomass

translocation in P-deficient wheat seedlings are key factors that improve P uptake. The alter-

ation in the electron transport chain, as a specific response to P deficiency was reported in the

I-P phase. The lost of sigmoidal form within the I-P phase in P-deficient plants may be consid-

ered as an early-acting P deprivation signal. In this study we have attempted to explore the

relationship between photosynthetic performance and P uptake in P-deficient plants. We

found out that combining prompt fluorescence (PF) and modified reflection (MR) signals and

including their derived parameters in a PCA analysis explained over 71% of the variation in

the data using only two components and 75% using three components. Furthermore, P defi-

ciency increased parameters related to the energy fluxes per reaction center by decreasing the

number of active centers. Plants grown in high deficiency had also the highest values of MRmin

and MRmax and the lowest values of νred due to slow re-reduction rates of P700 and PC. The

re-reduction phase of MRt/MRo occurs mainly during the I-P phase of chlorophyll fluores-

cence transient, which has been affected also by P deficiency. The results indicates that the two

photosystems were fully synchronised and matched. However, the changes in the photosyn-

thetic apparatus were more relevant in high phosphorus deficiency. Thus, it is difficult to

detect changes in plants with low phosphorus deficiencies via the simultaneous measurements

of prompt fluorescence and 820 nm modulated reflection.
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Supporting information

S1 Fig. Changes in differential chlorophyll fluorescence curves modulated reflection at 820

nm. (A) Differential chlorophyll fluorescence curves normalized between O and P (ΔVt) and

(B) changes in modulated reflection at 820 nm in leaves of seedlings grown for 1 week in dif-

ferent P concentrations and fertilizer forms. ΔVt were calculated by subtracting the double

normalized fluorescence values between FO and FM (Vt), measured in plants growing in suffi-

cient P treatment from those recorded in plants growing in low P concentrations (C and P1/2)

using the formula ΔVt = Vt (Control and P1/2) -Vt(P).

(TIF)

S1 Table. The description of JIP-test and modulated reflection parameters (Strasser et al.

2010).

(DOCX)

S2 Table. Principal component analysis (PCA) loadings.

(DOCX)

Acknowledgments

For the chemical analysis of soil and plant samples, the authors acknowledge the assistance of

Mr Aziz Soulaimani and Mrs Sabah Fathallah.

Author Contributions

Conceptualization: Abdallah Oukarroum.

Data curation: Yousra El-Mejjaouy, Laila Belmrhar.

Formal analysis: Yousra El-Mejjaouy, Benjamin Dumont, Abdallah Oukarroum.

Funding acquisition: Youssef Zeroual.

Supervision: Abdallah Oukarroum.

Validation: Yousra El-Mejjaouy, Youssef Zeroual, Benjamin Dumont, Benoı̂t Mercatoris,

Abdallah Oukarroum.

Visualization: Yousra El-Mejjaouy, Benjamin Dumont.

Writing – original draft: Yousra El-Mejjaouy, Abdallah Oukarroum.

Writing – review & editing: Benjamin Dumont, Benoı̂t Mercatoris, Abdallah Oukarroum.

References
1. Hammond JP, White PJ. Sucrose transport in the phloem: integrating root responses to phosphorus

starvation. J Exp Bot. 2008; 59: 93–109. https://doi.org/10.1093/jxb/erm221 PMID: 18212031

2. Asomaning SK. Processes and Factors Affecting Phosphorus Sorption in Soils. Sorption in 2020s.

2020; 45: 1–16. https://doi.org/10.5772/INTECHOPEN.90719

3. Shen J, Yuan L, Zhang J, Li H, Bai Z, Chen X, et al. Phosphorus dynamics: From soil to plant. Plant Phy-

siol. 2011; 156: 997–1005. https://doi.org/10.1104/pp.111.175232 PMID: 21571668

4. Bindraban PS, Dimkpa CO, Pandey R. Exploring phosphorus fertilizers and fertilization strategies for

improved human and environmental health. Biology and Fertility of Soils. Springer; 2020. pp. 299–317.

https://doi.org/10.1007/s00374-019-01430-2

5. Torres-Dorante LO, Claassen N, Steingrobe B, Olfs H-W. Fertilizer-use efficiency of different inorganic

polyphosphate sources: effects on soil P availability and plant P acquisition during early growth of corn.

J Plant Nutr Soil Sci. 2006; 169: 509–515. https://doi.org/10.1002/JPLN.200520584

PLOS ONE PCA-based detection of phosphorous deficiency in wheat plants

PLOS ONE | https://doi.org/10.1371/journal.pone.0286046 May 24, 2023 17 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0286046.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0286046.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0286046.s003
https://doi.org/10.1093/jxb/erm221
http://www.ncbi.nlm.nih.gov/pubmed/18212031
https://doi.org/10.5772/INTECHOPEN.90719
https://doi.org/10.1104/pp.111.175232
http://www.ncbi.nlm.nih.gov/pubmed/21571668
https://doi.org/10.1007/s00374-019-01430-2
https://doi.org/10.1002/JPLN.200520584
https://doi.org/10.1371/journal.pone.0286046


6. Sobczak A, Kowalczyk K, Gajc-Wolska J, Kowalczyk W, Niedzinska M. Growth, yield and quality of

sweet pepper fruits fertilized with polyphosphates in hydroponic cultivation with led lighting. Agronomy.

2020; 10. https://doi.org/10.3390/agronomy10101560

7. Vance CP. Symbiotic nitrogen fixation and phosphorus acquisition. Plant nutrition in a world of declining

renewable resources. Plant Physiology. Plant Physiol; 2001. pp. 390–397. https://doi.org/10.1104/pp.

010331 PMID: 11598215

8. VANCE CP. Energy requirement for symbiotic nitrogen fixation. Plant Physiol. 2011; 127: 390–397.

https://doi.org/10.1038/267149A0

9. Sitko K, Gieroń Ż, Szopiński M, Zieleźnik-Rusinowska P, Rusinowski S, Pogrzeba M, et al. Influence of

short-term macronutrient deprivation in maize on photosynthetic characteristics, transpiration and pig-

ment content. Sci Reports 2019 91. 2019; 9: 1–12. https://doi.org/10.1038/s41598-019-50579-1 PMID:

31578358

10. Veronica N, Subrahmanyam D, Vishnu Kiran T, Yugandhar P, Bhadana VP, Padma V, et al. Influence

of low phosphorus concentration on leaf photosynthetic characteristics and antioxidant response of rice

genotypes. Photosynth 2017 552. 2016; 55: 285–293. https://doi.org/10.1007/S11099-016-0640-4

11. Hodges D., Nozzolillo C. Anthocyanin and Anthocyanoplast Content of Cruciferous Seedlings Sub-

jected to Mineral Nutrient Deficiencies. J Plant Physiol. 1996; 147: 749–754. https://doi.org/10.1016/

S0176-1617(11)81488-4

12. Neuner G, Larcher W. Determination of Differences in Chilling Susceptibility of Two Soybean Varieties

by Means of in vivo Chlorophyll Fluorescence Measurements. J Agron Crop Sci. 1990; 164: 73–80.

https://doi.org/10.1111/J.1439-037X.1990.TB00788.X

13. Kalaji HM, Schansker G, Brestic M, Bussotti Filippo, Calatayud A, Lorenzo Ferroni, et al. Frequently

asked questions about chlorophyll fluorescence, the sequel. Photosynth Res. 2017; 132: 13–66. https://

doi.org/10.1007/s11120-016-0318-y PMID: 27815801

14. Kalaji HM, Oukarroum A, Alexandrov V, Kouzmanova M, Brestic M, Zivcak M, et al. Identification of

nutrient deficiency in maize and tomato plants by invivo chlorophyll a fluorescence measurements.

Plant Physiol Biochem. 2014; 81: 16–25. https://doi.org/10.1016/j.plaphy.2014.03.029 PMID:

24811616

15. Frydenvang J, van Maarschalkerweerd M, Carstensen A, Mundus S, Schmidt SB, Pedas PR, et al. Sen-

sitive detection of phosphorus deficiency in plants using chlorophyll a fluorescence. Plant Physiol.

2015; 169: 353–361. https://doi.org/10.1104/pp.15.00823 PMID: 26162430

16. Salvatori E, Fusaro L, Gottardini E, Pollastrini M, Goltsev V, Strasser RJ, et al. Plant stress analysis:

Application of prompt, delayed chlorophyll fluorescence and 820 nm modulated reflectance. Insights

from independent experiments. Plant Physiol Biochem. 2014; 85: 105–113. https://doi.org/10.1016/j.

plaphy.2014.11.002 PMID: 25463266

17. Goltsev V, Zaharieva I, Chernev P, Kouzmanova M, Kalaji HM, Yordanov I, et al. Drought-induced mod-

ifications of photosynthetic electron transport in intact leaves: Analysis and use of neural networks as a

tool for a rapid non-invasive estimation. Biochim Biophys Acta—Bioenerg. 2012; 1817: 1490–1498.

https://doi.org/10.1016/j.bbabio.2012.04.018 PMID: 22609146

18. Kalaji HM, Goltsev V, Bosa K, Allakhverdiev Suleyman I, Reto, et al. Experimental in vivo measure-

ments of light emission in plants: a perspective dedicated to David Walker. Photosynth Res 2012 1142.

2012; 114: 69–96. https://doi.org/10.1007/s11120-012-9780-3 PMID: 23065335

19. Kalaji HM, Jajoo A, Oukarroum A, Brestic M, Zivcak M, Samborska IA, et al. Chlorophyll a fluorescence

as a tool to monitor physiological status of plants under abiotic stress conditions. Acta Physiol Plant

2016 384. 2016; 38: 1–11. https://doi.org/10.1007/S11738-016-2113-Y

20. Stirbet A, Lazár D, Kromdijk J, Govindjee. Chlorophyll a fluorescence induction: Can just a one-second

measurement be used to quantify abiotic stress responses? Photosynth 2018 561. 2018; 56: 86–104.

https://doi.org/10.1007/S11099-018-0770-3

21. El-Mejjaouy Y, Lahrir M, Naciri R, Zeroual Y, Mercatoris B, Dumont B, et al. How far can chlorophyll a

fluorescence detect phosphorus status in wheat leaves (Triticum durum L.). Environ Exp Bot. 2022;

194: 104762. https://doi.org/10.1016/J.ENVEXPBOT.2021.104762

22. Horaczek T, Dąbrowski P, Kalaji HM, Baczewska-Dąbrowska AH, Pietkiewicz S, StępieńW, et al. JIP-

test as a tool for early detection of the macronutrients deficiencin miscanthus plants. Photosynthetica.

2020; 58: 507–517. https://doi.org/10.32615/ps.2019.177

23. Kusaka M, Kalaji HM, Mastalerczuk G, Dąbrowski P, Kowalczyk K. Potassium deficiency impact on the

photosynthetic apparatus efficieof radish. Photosynthetica. 2021; 59: 127–136. https://doi.org/10.

32615/ps.2020.077

24. Feng X, An Y, Gao J, Wang L. Photosynthetic Responses of Canola to Exogenous Application or

Endogenous Overproduction of 5-Aminolevulinic Acid (ALA) under Various Nitrogen Levels. Plants

(Basel, Switzerland). 2020; 9: 1–14. https://doi.org/10.3390/plants9111419 PMID: 33114095

PLOS ONE PCA-based detection of phosphorous deficiency in wheat plants

PLOS ONE | https://doi.org/10.1371/journal.pone.0286046 May 24, 2023 18 / 21

https://doi.org/10.3390/agronomy10101560
https://doi.org/10.1104/pp.010331
https://doi.org/10.1104/pp.010331
http://www.ncbi.nlm.nih.gov/pubmed/11598215
https://doi.org/10.1038/267149A0
https://doi.org/10.1038/s41598-019-50579-1
http://www.ncbi.nlm.nih.gov/pubmed/31578358
https://doi.org/10.1007/S11099-016-0640-4
https://doi.org/10.1016/S0176-1617%2811%2981488-4
https://doi.org/10.1016/S0176-1617%2811%2981488-4
https://doi.org/10.1111/J.1439-037X.1990.TB00788.X
https://doi.org/10.1007/s11120-016-0318-y
https://doi.org/10.1007/s11120-016-0318-y
http://www.ncbi.nlm.nih.gov/pubmed/27815801
https://doi.org/10.1016/j.plaphy.2014.03.029
http://www.ncbi.nlm.nih.gov/pubmed/24811616
https://doi.org/10.1104/pp.15.00823
http://www.ncbi.nlm.nih.gov/pubmed/26162430
https://doi.org/10.1016/j.plaphy.2014.11.002
https://doi.org/10.1016/j.plaphy.2014.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25463266
https://doi.org/10.1016/j.bbabio.2012.04.018
http://www.ncbi.nlm.nih.gov/pubmed/22609146
https://doi.org/10.1007/s11120-012-9780-3
http://www.ncbi.nlm.nih.gov/pubmed/23065335
https://doi.org/10.1007/S11738-016-2113-Y
https://doi.org/10.1007/S11099-018-0770-3
https://doi.org/10.1016/J.ENVEXPBOT.2021.104762
https://doi.org/10.32615/ps.2019.177
https://doi.org/10.32615/ps.2020.077
https://doi.org/10.32615/ps.2020.077
https://doi.org/10.3390/plants9111419
http://www.ncbi.nlm.nih.gov/pubmed/33114095
https://doi.org/10.1371/journal.pone.0286046


25. Dąbrowski P, Baczewska-Dąbrowska AH, Bussotti F, Pollastrini M, Piekut K, Kowalik W, et al. Photo-

synthetic efficiency of Microcystis ssp. under salt stress. Environ Exp Bot. 2021; 186. https://doi.org/10.

1016/J.ENVEXPBOT.2021.104459

26. Schansker G, Ohnishi M, Furutani R, Miyake C. Identification of Twelve Different Mineral Deficiencies

in Hydroponically Grown Sunflower Plants on the Basis of Short Measurements of the Fluorescence

and P700 Oxidation/Reduction Kinetics. Front Plant Sci. 2022; 13: 894607. https://doi.org/10.3389/fpls.

2022.894607 PMID: 35720579

27. Strasser RJ, Tsimilli-Michael M, Qiang S, Goltsev V. Simultaneous in vivo recording of prompt and

delayed fluorescence and 820-nm reflection changes during drying and after rehydration of the resur-

rection plant Haberlea rhodopensis. Biochim Biophys Acta—Bioenerg. 2010; 1797: 1313–1326. https://

doi.org/10.1016/j.bbabio.2010.03.008 PMID: 20226756

28. Oukarroum A, Goltsev V, Strasser RJ. Temperature Effects on Pea Plants Probed by Simultaneous

Measurements of the Kinetics of Prompt Fluorescence, Delayed Fluorescence and Modulated 820 nm

Reflection. PLoS One. 2013; 8: e59433. https://doi.org/10.1371/journal.pone.0059433 PMID:

23527194

29. Delosme R. Étude de l’induction de fluorescence des algues vertes et des chloroplastes au début d’une
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environment stressor for growth of Nicotiana glutinosa plants. Environ Exp Bot. 2019; 164: 84–100.

https://doi.org/10.1016/J.ENVEXPBOT.2019.03.027

49. Cetner MD, Kalaji HM, Borucki W, Kowalczyk K. Phosphorus deficiency affects the i-step of chlorophyll

a fluorescence induction curve of radish. Photosynthetica. 2020; 58: 671–681. https://doi.org/10.32615/

ps.2020.015

50. Bussotti F, Gerosa G, Digrado A, Pollastrini M. Selection of chlorophyll fluorescence parameters as indi-

cators of photosynthetic efficiency in large scale plant ecological studies. Ecol Indic. 2020; 108. https://

doi.org/10.1016/j.ecolind.2019.105686

51. Zivcak M, Brestic M, Kunderlikova K, Olsovska K, Allakhverdiev SI. Effect of photosystem I inactivation

on chlorophyll a fluorescence induction in wheat leaves: Does activity of photosystem I play any role in

OJIP rise? J Photochem Photobiol B Biol. 2015; 152: 318–324. https://doi.org/10.1016/j.jphotobiol.

2015.08.024 PMID: 26388470

52. Carstensen A, Herdean A, Schmidt SB, Sharma A, Spetea C, Pribil M, et al. The Impacts of Phosphorus

Deficiency on the Photosynthetic Electron Transport Chain. Plant Physiol. 2018; 177: 184. https://doi.

org/10.1104/pp.17.01624 PMID: 29540590

53. Tsimilli-Michael M, Strasser RJ. In vivo assessment of stress impact on plant’s vitality: Applications in

detecting and evaluating the beneficial role of mycorrhization on host plants. Mycorrhiza State Art,

Genet Mol Biol Eco-Function, Biotechnol Eco-Physiology, Struct Syst ( Third Ed. 2008; 679–703.

54. Carstensen A, Szameitat AE, Frydenvang J, Husted S. Chlorophyll a fluorescence analysis can detect

phosphorus deficiency under field conditions and is an effective tool to prevent grain yield reductions in

spring barley (Hordeum vulgare L.). Plant Soil. 2019; 434: 79–91. https://doi.org/10.1007/s11104-018-

3783-6

55. He L, Yu L, Li B, Du N, Guo S. The effect of exogenous calcium on cucumber fruit quality, photosynthe-

sis, chlorophyll fluorescence, and fast chlorophyll fluorescence during the fruiting period under hypoxic

stress. BMC Plant Biol. 2018; 18. https://doi.org/10.1186/s12870-018-1393-3 PMID: 30180797
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