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Abstract

There is an increasing need for diagnostic tools that can assess the crop nitrogen (N) nutrition status during the growth cycle.

In addition to the leaf chlorophyll (Chl) content, we proposed here the use of the leaf content of polyphenolics (Phen) as a

potential indicator of crop N status. Because of their absorption features in the visible and in the UV part of the spectrum, both

Chl and Phen can be measured by rapid and non-destructive optical methods. Therefore, we used two leaf-clip devices, the

Minolta SPAD-502 for Chl, and the Dualex for Phen. The latter is a prototype (patent pending) that measures the UVabsorbance

of the leaf epidermis, which is related to the leaf Phen content. Dynamics of Phen and Chl were measured on the last fully

developed leaves of two winter wheat cultivars subjected to different levels of N availability, from tillering to flowering, in 2001,

2002 and 2003. Both Phen and Chl contents were found to increase along the leaf, starting from the ligula, regardless of the stage

of development. Both variables were highly correlated with the N concentration of leaves. The average Chl content of the leaf

increased, and the average Phen content decreased, with the increased application of N to the field, irrespective of the growth

stage, the cultivar and the year of experiment. Therefore, both Phen and Chl can be considered as probes of the crop N nutrition

status. Still, the relationship between Chl and the nitrogen nutrition index (NNI), used as a reference indicator of N deficiency,

was influenced by the growth stage, whereas the year of experiment affected the relationship between Phen and the NNI. We also

propose the use of the simple Chl/Phen ratio as an indicator of leaf N content at the canopy level, for future application in

precision agriculture. This ratio would alleviate, at least partially, the problem of gradients along leaves, and would even

accentuate the differences among levels of crop N deficiencies because of the Chl and Phen inverse dependence on the crop N

nutrition status.
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1. Introduction

Modern farming requires increasingly fine man-

agement of nitrogen (N) fertilisation because of

economical and environmental constraints. On the

one hand, excess fertiliser application is expensive

and leads to N losses by evaporation or leaching,

with negative impacts on the environment. On the

other hand, fertilisation must be sufficient to provide

an optimal final yield and the desired product qual-

ity. Thus, the required level of accuracy for fertilisa-

tion practices is within 10% (Gastal and Lemaire,

2002). This implies a very precise determination of

rates and dates of fertiliser applications. Several

methods have been developed to achieve this goal

(Lemaire, 1997). To optimise N fertilisation, the

strategy for the dates and amounts of applications

can be based on the determination of the crop N

nutrition status during the growth cycle. Therefore,

several tools have been developed to assess this crop

N nutrition status.

The N concentration in aerial parts of a crop gen-

erally declines with the increase in plant biomass per

unit area (Lemaire and Gastal, 1997; Gastal and

Lemaire, 2002). The critical N concentration was

defined as the minimum crop N concentration required

for reaching maximum crop growth. The dilution

curve for this critical N concentration in shoots was

obtained for winter wheat (Justes et al., 1994). The

critical curve allowed the definition of a nitrogen

nutrition index (NNI) as the ratio between the actual

N concentration and the critical N concentration

according to the given biomass. A NNI lower than

1 indicates that N nutrition is limiting crop growth.

The critical N curve was validated for different con-

ditions of growth, development, genotypes and plant

densities (Justes et al., 1994), and the NNI enables a

precise diagnosis of the N nutrition status. However,

the direct use of the NNI at the farm level is difficult,

because it requires destructive determination of crop

biomass and chemical analysis. Therefore, new indi-

cators were introduced, which are closely linked to the

N nutrition status of crops but more convenient to

measure, such as the nitrate content in stem base

extracts (Justes et al., 1997), leaf transmittance (Peng

et al., 1996) and canopy reflectance properties

(Hansen and Schjoerring, 2003). The latter two

depend on the chlorophyll (Chl) content of leaves,

and are particularly useful because they are non-

destructive and rapid.

The Chl content of wheat leaves is closely related to

the leaf N because the photosynthetic machinery

accounts for more than half of the N in a leaf (Evans,

1983, 1989). It is already established that leaf Chl

content increases with N supply and is low under

conditions of N shortage (Peng et al., 1996). At the

same time, N supply influences both protein synthesis

as well as the synthesis of polyphenolics (Phen). The

amino acid phenylalanine, which is the precursor of all

Phen, is the branching point between the two pathways

(Herrmann and Weaver, 1999). Several hypothesis

were proposed to explain the relationships between

N availability, plant growth and the presence of Phen

compounds. The carbon-nutrient balance (Coley et al.,

1985) and the growth-differentiation balance (Herms

and Mattson, 1992) hypotheses argue that under low N

availability, plants allocate excess carbon to Phen

synthesis. Therefore, high Phen content is a potential

indicator of low crop N.

Phen are carbon-based compounds serving multiple

functions in leaves: chemical defences against herbi-

vores and pathogen resistance (Kiraly, 1964; Baas,

1989; Herms and Mattson, 1992), UV protection due

to their absorption properties (Liu et al., 1995; Mazza

et al., 2000), and protection against oxidative stress

and free radicals (Garcia-Conesa et al., 1999; Burda

and Oleszek, 2001). High levels of light enhance the

synthesis of Phen (Hahlbrock and Scheel, 1989; Tat-

tini et al., 2000). Phen include several families of

chemical compounds, among which hydroxycinnamic

acids and flavonoids are the most prominent in grasses

(Wiermann, 1981; Liu et al., 1995). In wheat, hydro-

xycinnamic acids, including ferulic acid and p-cou-

maric acid, are generally tightly bound to the cell walls

(El-Basyouni and Towers, 1964; Harris and Hartley,

1980). Flavonoids are located mainly in the vacuole of

epidermal cells, but they are also present in the leaf

mesophyll (Knogge and Weissenböck, 1986; Liu et al.,

1995; Burchard et al., 2000). In wheat, flavonoids are

represented mainly by the flavone isoorientin and its

glycosides (Julian et al., 1971; Estiarte et al., 1999).

Both leaf Chl content and leaf Phen content can be

estimated by optical methods. Leaf Chl can be

assessed using a Chl-meter like the Minolta SPAD-

502 (Markwell et al., 1995). Recently, the company

Hydro-Agri converted the Minolta SPAD-502 into the
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Hydro-N-Tester, and provided fertilisation decision

support criteria for wheat crops. Leaf Chl content

can also be measured from its fluorescence and reab-

sorption properties (Ounis et al., 2001). Methods using

Chl fluorescence have been developed recently to

assess the UV-absorbing properties of leaves, from

which Phen content can be deduced. This approach

relies on the use of two excitation wavelengths: one in

the UV part of the spectrum that is absorbed by Phen,

and one reference wavelength that crosses the epider-

mis without being absorbed before reaching Chl in the

mesophyll (Bilger et al., 1997, 2001; Burchard et al.,

2000; Ounis et al., 2001). Until recently, these new Chl

fluorescence-based techniques were restricted to the

laboratory and to plants grown under controlled con-

ditions (Bilger et al., 1997, 2001; Burchard et al.,

2000; Samson et al., 2000; Markstädter et al., 2001;

Ounis et al., 2001; Wagner et al., 2003). In an effort to

adapt this technology to agricultural settings, we built

a portable leaf-clip device (Goulas et al., 2001), named

Dualex, that can estimate the Phen content of leaves

even in the field. It operates in full daylight with an UV

beam at 375 nm and a red reference beam at 650 nm.

In wheat, the Chl content increases along the leaf

and during leaf development (Boffey et al., 1980;

Meyer et al., 2003). Similarly, the Phen content

increases from base to tip in cereal leaves grown in

controlled conditions (Wiermann, 1981; Liu et al.,

1995; Wagner et al., 2003). The growth of monoco-

tyledon leaves is basal. The meristematic and exten-

sion zones are enclosed in the sheath and, therefore,

the cells of the emerged lamina are completely

expanded, but their age increases with distance from

the leaf base (Sharman, 1942; Kemp, 1980). This cell

age gradient was the origin of the observed Phen and

Chl gradients (Meyer et al., 2003). It was also shown

that leaves from plants under N deficiency have a

longer expansion duration and shorter final length

(Gastal and Nelson, 1994; Fricke et al., 1997). All

these effects should be taken into account to define a

sampling strategy when working on field grown plants

submitted to different N regimes. Agronomic practices

for Chl generally consist of measurements at the

middle of the very last or the two last fully developed

leaves (Peng et al., 1996; Lopez-Bellido et al., 2004).

The objectives of the current study were: (1) to

check a new optical method (Dualex) for the estima-

tion of leaf Phen content on wheat; (2) to assess the

variability of Phen at the leaf level, and define a

sampling strategy to compare the leaf content of Phen

and Chl as well as their mutual dependences on N

supply; (3) to compare the two optical methods,

Dualex and SPAD, and estimate their usefulness as

decision support for N fertilisation. The validation of

the two optical methods at the leaf level is an essential

first step before this technology can be adapted for

measurements at the canopy level.

2. Materials and methods

2.1. Field experiments

The three experiments were conducted in 2000–

2001 (exp. 1), 2001–2002 (exp. 2), and 2002–2003

(exp. 3). Winter wheat (Triticum aestivum L.) cultivar

Isengrain was used in the three experiments, and

cultivar Récital was also examined in addition in

exp. 2. The sowing density was 250 plants m�2 for

the three experiments. Plants were sown in two loca-

tions in France: at Grignon (018580 longitude East,

488510 latitude North) on clay loam in exps. 1 and 2,

and at Villiers le Bâcle (028070E, 488430N) on loam in

exp. 3. The dates of sowing and emergence were: 28

October 2000 and 20 November 2000 for exp. 1, 15

October 2001 and 25 October 2001 for exp. 2, and 30

October 2002 and 12 November 2002 for exp. 3. At

Grignon, the preceding crop was maize in exps. 1 and

2. The residual mineral N in the soil at the end of

winter was 18 kg N ha�1 in exp. 1 and 20 kg N ha�1 in

exp. 2. Irrigation was applied to ensure optimal water

availability for N uptake in exps. 1 and 2. In exp. 3,

after a legume crop, the residual mineral N in the soil

at the end of winter was 80 kg N ha�1. Irrigation was

not possible in this experiment. Crops were fully

protected against weeds and pests in the three experi-

ments. Monthly summaries of weather conditions are

displayed in Table 1. Dates of applications and

amounts of fertiliser are given in Table 2. In

Table 3, the timing of phenological events is given

according to Zadoks’ scale (Zadoks et al., 1974).

2.2. Measurements of crop characteristics

Plant samples of 0.35 m2 from the centre rows of the

parcel were cut at ground level. Each sample was
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Table 1

Monthly summaries of weather conditions and irrigation during the experiments: mean values of maximum and minimum temperature, global

solar radiation and total amount of rainfall and irrigation during each month

Parameters Months

January February March April May June

Exp. 1

Maximum temperature (8C) 7.1 8.4 12.1 13 20.2 22.7

Minimum temperature (8C) 2.3 2.5 5.3 5.5 9.7 10.4

Solar radiation (MJ m�2) 3.18 5.31 7.39 12.20 19.31 22.60

Rainfall (mm) 54.2 39.6 128.2 64.4 19.4 20.6

Irrigation (mm) – – – – 40 38

Exp. 2

Maximum temperature (8C) 8.1 10.5 13.2 16.2 18 23

Minimum temperature (8C) 3.0 4.6 4.2 4.4 8.4 11.7

Solar radiation (MJ m�2) 3.49 4.96 10.34 15.28 17.36 20.56

Rainfall (mm) 25.8 76.2 62.8 12.8 66.6 41

Irrigation (mm) – – – 83 42 51

Exp. 3

Maximum temperature (8C) 5.3 6.7 15.3 16.8 19.4 25.9

Minimum temperature (8C) �0.8 0.2 4.6 5.6 8.7 14.2

Solar radiation (MJ m�2) 3.5 6.93 13.26 19.63 21.01 22.63

Rainfall (mm) 49.2 33.4 18.2 22.8 58.4 23.6

Irrigation (mm) – – – – – –

Table 2

The amounts of N fertiliser applied (kg N ha�1) and the dates of application in days of the year (DOY)

Treatments N applied at indicated DOY Total N applied

50 91 121 147

Exp. 1

1N0 – – – – 0

1N1 60 – – – 60

1N2 60 100 – – 160

1N3 60 100 80 100 340

63 83 107 132

Exp. 2

2N0 – – – – 0

2N1 60 80 – – 140

2N2 60 80 80 40 360

69 98 131

Exp. 3

3N0 – – – 0

3N1 50 70 – 120

3N2a 50 65 65 180

3N2b 50 97.5 32.5 180

3N3 50 190 – 240
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oven-dried at 80 8C for 72 h and weighted. Total N

concentration in shoots on a dry matter basis was

determined using the Dumas method (Dumas, 1831).

This involves the combustion of ground plant tissue at

about 1800 8C, reduction of N oxides by reduced Cu at

600 8C, and analysis of N2 by catharometry (NA 1500

Analyser, Fisons Instruments). The NNI was calcu-

lated for a given crop biomass according to the critical

N dilution curve defined for winter wheat crop (Justes

et al., 1994):

for DM > 1:55 t ha�1; critical%N ¼ 5:35 DM�0:442

(1)

for DM < 1:55 t ha�1; critical%N ¼ 4:4 (2)

where DM is the dry matter in t ha�1.

NNI ¼ %N

critical%N
(3)

with %N being the actual N concentration expressed

as a percentage of the dry matter.

In this study, we considered the NNI only for aerial

dry matter >1.55 t ha�1. Because the field experiments

were not dedicated to our study, crop characteristics

allowing the determination of the NNI were not

measured for all the dates and for all the N treatments,

where leaf Chl and Phen content were assessed. The

NNI was determined for 1N0, 1N3, and 2N2 for both

cultivars at the same frequency as optical measure-

ments of leaf Chl and Phen (for N treatment nomen-

clature see Table 2). In addition, NNI was defined for

2N0 and 2N1 for both cultivars at flowering. In exp. 3,

NNI was available for 3N0 and 3N3 at the growth

stages Z30, for 3N3 at Z32, and for 3N1, 3N2a, 3N2b

and 3N3 at flowering.

2.3. Optical measurements of leaf Chl and Phen

Plants selected for optical measurements were not

the ones used for the measurements of crop character-

istics but came from the very same parcel. Chl and

Phen were measured using the Minolta SPAD-502 and

the Dualex, respectively, on the youngest upper fully

developed leaves of the canopy, at 10-day intervals.

Measurements were made on the laminae, avoiding

midribs. Minolta SPAD-502 measurements were per-

formed on the adaxial side of the leaf, whereas Dualex

readings were taken from both adaxial and abaxial

sides of the leaf. For one position, Phen is defined as

the sum of the adaxial and abaxial Dualex readings, to

be representative of the whole polyphenolic content of

the leaf at this position. In exp. 1, Chl and Phen were

measured along the leaves. When needed, we selected

four measurements around the middle of the leaf and

calculated the mean of these points. In exps. 2 and 3,

we performed four Minolta SPAD-502 measurements

only at the middle of the leaf, the mean of which

represents the Chl of the single leaf. In exps. 2 and 3,

we also performed four Dualex measurements on each

sides of the leaf, at the middle, the means of which

represent the adaxial and abaxial Phen of the single

leaf. The mean and the standard error of Chl and Phen

for a given date and a given N regime were then

calculated. In exp. 1 the sampling size was 7–19

leaves, and in exps. 2 and 3, it was always 30 leaves

or larger.

2.4. Measurements of leaf N concentration

In exp. 2, from the end of stem elongation to

flowering, and for both cultivars Isengrain and Récital,

Table 3

Dates corresponding to different growth stages according to the Zadoks’scale, in days of the year (DOY), for the three experiments and the two

cultivars (Isengrain: Ise; Récital: Rec)

Experiment cv. DOY for different growth stages in Zadoks’ scale

Z30 Z32 Z39 Z55 Z65

1 Ise 83 114 126 141 147

2 Ise 75 97 125 132 143

2 Rec 70 91 119 126 136

3 Ise 96 112 126 n.d. 152

Z30: end of tillering; Z32: second node detectable; Z39: end of stem elongation, flag leaf ligule just visible; Z55: inflorescence emergence;

Z65: anthesis.
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we sampled all the middle segments of the leaves

previously examined for their Chl and Phen content

(n > 30) for N quantification. Segments of leaves

were freeze-dried and after fine grinding, a 2–3 mg

aliquot of the powder was combusted in an elemental

analyser (Model NA1500, Carlo Erba). N content was

determined by gas chromatography by comparison to

a reference (atropine 4,91 %N) (Deléens et al., 1997).

N concentration is expressed on a dry weight basis

in mg g�1.

2.5. Pigment extraction and quantification

For a series of SPAD and Dualex measurements,

leaf Chl and Phen contents were also measured by

organic extraction. Leaf disks were removed with a

cork borer (5.5 mm diameter) and frozen in liquid

nitrogen. Extraction of each disk was performed using

3 mL methanol at 70 8C for 30 min in a sealed tube.

After cooling, the absorbance of the extract was

measured from 190 to 1100 nm with a HP8453 spec-

trophotometer (Hewlett-Packard, Les Ulis, France).

Chl a and Chl b concentrations in the extract were

determined using the equations from Lichtenthaler

(1987). Leaf Phen content was determined in the same

leaf extract. Knowing the Chl a/Chl b ratio of the

extract and the absorbance spectra of Chl a and Chl b

in methanol, it is possible to calculate the Chl con-

tribution to the total absorbance spectrum. Subtracting

the calculated Chl spectrum from the whole absor-

bance spectrum revealed the Phen and carotenoids

absorbance features (Cerovic et al., 2001; Ounis et al.,

2001).

The relationship between the leaf Chl content and

the Minolta SPAD-502 meter readings is not linear

(Monje and Bugbee, 1992; Markwell et al., 1995)

and are meter-dependent (Markwell et al., 1995).

Therefore, we established a calibration curve for our

Minolta SPAD-502 meter (hereafter the SPAD) in

order to be able to express our results in real Chl

contents. The obtained SPAD readings should be

considered as the dependent variable to be calibrated

against the Chl content obtained by organic extrac-

tion and spectrophotometric measurement. Thus we

first fitted the SPAD readings against the leaf Chl

content (Fig. 1). The best fit was obtained with a

polynomial equation (Fig. 1). The reciprocal func-

tion was further used to convert all SPAD values into

leaf Chl content:

Chl ðmg cm�2Þ ¼ 93:6 � 11:9
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

62 � SPAD
p

(4)

For the range of Chl values measured in the present

study, the opposite fitting procedure, Chl content

against SPAD values (Markwell et al., 1995), would

not cause a large error in estimating Chl content (less

than 2%), but it can be more than 10% for SPAD

values above 60 or below 25. Furthermore, the direct

use of SPAD readings without correction, which is a

frequent practice in agronomy studies, would give rise

to a 10% error in Chl estimation outside of the 35–55

reading range of the SPAD, and would give rise to a

larger than 5% error outside the 40–50 SPAD reading

range (calculated using Eq. (4)).

The Dualex meter, which estimates the leaf Phen

content from their absorbance in the UV-A (Goulas

et al., 2001), was also tested here for winter wheat. The

sum of the Dualex readings obtained from the abaxial

and adaxial side of the leaf were compared to the

maximum absorbance of the flavone peak of the

organic extract obtained from the exact same piece

of leaf (Cerovic et al., 2001; Ounis et al., 2001). The

Dualex readings are strongly and linearly related to the

Phen present in the extracts (Fig. 2). It is noteworthy

that the fitted curve extrapolates to an intercept of 1.29

on the Y-axis. This is the leaf UVabsorbance measured

by the Dualex but not present in the extract, that is, the

Fig. 1. Relationship between the SPAD values and the chlorophyll

content of small leaf discs extracted with methanol (n ¼ 121).

Dashed line: y ¼ x. SPAD ¼ �0:007 Chl2 þ 1:322 Chl þ 0:158,

r2 ¼ 0:91.
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non-extractable fraction of UV-absorbing compounds

at 375 nm (Liu et al., 1995; Ounis et al., 2001). The

high coefficient of determination allows us to con-

clude that we can use the Dualex values as an estima-

tion of the polyphenolic compounds content in wheat

leaves.

2.6. Data analysis

The analysis of variance and tests for significance of

differences among means at the 5% level were per-

formed using Igor Pro 4 (WaveMetrics Inc., Lake

Oswego, OR) and Excel (Microsoft Co., Seattle, WA).

3. Results

3.1. The variability of leaf content of polyphenolics

Actual leaf Chl contents, deduced from SPAD read-

ings using Eq. (4), were used throughout this study.

Nevertheless, we used direct Dualex readings because

the relationship between Dualex measurements and

extracted Phen was linear (cf. Fig. 2) and the con-

tribution of non-extractable Phen to Dualex reading

precluded further correction.

The lateral heterogeneity of leaf Chl and Phen

contents were very low, less than 3.3 and 2.5% for

Chl and Phen, respectively. However, we confirm here

that gradients of both Chl and Phen, increasing from

the base to the tip, are present in leaves of field-grown

plants (Fig. 3) as found in plants grown in growth

chambers (Meyer et al., 2003). The percentage stan-

dard deviation of the values for the whole leaf was

larger for Chl than for Phen (Fig. 3). It was 8.39, 7.71,

6.38 and 8.7% for Chl, and 6.14, 4.57, 4.45 and 4.90%

for Phen, for the treatments 1N3, 1N2, 1N1 and 1N0,

respectively. These Chl and Phen gradients are present

along the leaves from the end of tillering to flowering

(data not shown). From Fig. 3 it can be seen that Phen

and Chl of leaves from plants grown under high N

Fig. 2. Relationship between the leaf content of polyphenolics

(Phen) as the sum of Dualex adaxial and abaxial sides values, and

the leaf content of polyphenolics expressed as the absorbance at the

maximum of the flavone peak in the spectrum of the methanolic

extract. Y ¼ 1:29 þ 0:26X, r2 ¼ 0:81.

Fig. 3. Gradients of polyphenolics (Phen) (A) and chlorophyll (Chl) (B) among wheat leaves, cv. Isengrain at heading (Z55). The symbols for

the treatments are: empty circles for 1N3 (240 kg N ha�1), filled squares for 1N2 (160 kg N ha�1), empty triangles for 1N1 (60 kg N ha�1),

and filled circles for 1N0 (no N added). The description of treatments is given in Table 2. The simple ratio signature, Chl/Phen, is presented in

(C).
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Fig. 4. Variation of leaf contents of polyphenolics (Phen) and chlorophyll for the cv. Isengrain during the course of the three experiments at

fixed developmental stages (Z30–Z65). Means with standard error are presented. The differences between treatment were estimated for each

growth stage including all three experiments. Different lower case letters indicate significant differences at the 5% level. Treatments are

described in Table 2. The phenology is indicated according to the Zadoks’ scale. Filled bars: polyphenolics; open bars: chlorophyll.
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supply (1N3 and 1N2) are clearly separated from

leaves of plants grown with low (1N1) and very

low N availability (1N0). For N-deprived plants,

which had the shortest leaves, Phen levels were the

highest, while Chl levels were the lowest. Due to the

presence of gradients and the variable leaf length,

sampling in the middle of the lamina of the last fully

developed leaf, as is usually done for Chl, appears to

be a good compromise for Phen as well. In exps. 2 and

3, for each sampling date and each N fertilisation

regimes, mean values from 30 leaves were used for

Phen and Chl. This sampling size lead to a percent

standard deviation among leaves of 10% for Phen and

12% for Chl. The steeper gradient of Chl along leaves

(Fig. 3) may account for this larger variability of

measured Chl values (Figs. 4 and 5).

The Phen content was higher in the abaxial than in

the adaxial side of the leaf, with the difference slightly

decreasing from 20 to 5% as plants grow, from the end

of tillering to flowering, irrespective of the cultivar.

However, adaxial and abaxial Dualex values were

highly correlated (r ¼ 0:93, P < 0:01, n ¼ 79) for

all experiments, all treatments and both cultivars,

presented in Figs. 4 and 5.

3.2. Chl and Phen as probes of the crop

N nutrition status

Results of the three seasons’ survey are presented in

Fig. 4 for the cultivar Isengrain. They confirm that

Phen and Chl were related to the level of N fertilisa-

tion, in an opposite way, for five different key growth

Fig. 5. Time course of leaf contents of polyphenolics (Phen) (A, B) and chlorophyll (C, D) in exp. 2 are shown for cv. Isengrain (A, C) and

Récital (B, D). Mean values with standard errors for 30 leaves are presented. Arrows indicate dates of fertiliser applications for 2N2. Symbols

for treatments are: filled circles for 2N0 and empty circles for 2N2. Treatments are described in Table 2. Growth stages are given in Zadoks’

scale. The flag leaf is fully expanded after Z39.
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stages, and in the three experiments, despite the

differences in weather conditions (Tables 1 and 2).

Reduced N availability induced Phen accumulation

and Chl depletion compared to plants undergoing

more favourable nutrient regimes.

Detailed Chl and Phen evolution for a whole crop

cycle is depicted in Fig. 5, for Isengrain and Récital

during exp. 2. Most of the 2N0 plants consisted

of a main stem only with small yellow-green leaves.

In 2N0 plants, Chl or Phen varied similarly for

both cultivars. Their Chl content fluctuated around

30 mg cm�2. Phen increased during stem elongation,

then decreased until the end of the campaign (Fig. 5).

In leaves of 2N2 plants that received a high amount of

N fertiliser split in several applications (Table 2), Chl

increased steadily during crop development, for both

cultivars (Fig. 5). Phen in leaves of both Récital and

Isengrain 2N2 plants decreased up to Z32, then

increased until the appearance of the flag leaf. After

that growth stage, Phen content decreased until flower-

ing for Isengrain, and until the end of the campaign for

Recital.

Chl was highly correlated to the N concentration of

leaves (Fig. 6, r ¼ 0:97), whereas Phen was closely

negatively correlated to the N concentration (Fig. 6,

r ¼ �0:87). The linear correlation coefficients were

high, indicating that both Phen and Chl are sensitive to

changes in the leaf N concentration. This confirms that

the positive effect of reduced crop N availability on

leaf Phen content is related to a decrease of leaf N

concentration.

In Fig. 7 we tested the general dependence of Phen

and Chl on the NNI of the crop irrespective of the

Fig. 6. Relationships between leaf contents of polyphenolics

(Phen, empty circles) and chlorophyll (Chl, filled circles) and the

average N concentration of middle segments of 30 fully expanded

upper leaves. Leaves were collected during the exp. 2, from the

end of stem elongation to flowering, for cv. Isengrain and

Récital. The linear regression gave the following equations and

coefficients of determination: Phen ¼ 3:447 � 0:026N, r2 ¼ 0:76;

Chl ¼ 0:761 þ 1:185N, r2 ¼ 0:93.

Fig. 7. Relationships between the leaf content of polyphenolics

(Phen) (A), the leaf chlorophyll content (Chl) (B), the Chl/Phen

ratio (C), and the nitrogen nutrition index for the three experiments,

both cultivars and different N regimes. Intercepts, slopes and

coefficients of determination resulting from linear regression are

given in Table 4. Symbols are: empty squares for Isengrain in

exp. 1, empty circles for Isengrain in exp. 2, filled circles for

Récital in exp. 2, and empty triangles for Isengrain in exp. 3.
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different growth stages, cultivars and years. When

taking all data into account, both Phen and Chl were

correlated with the NNI (r ¼ �0:60 and r ¼ 0:86,

respectively), but the relationship was less tight than

expected from results presented in Fig. 4. For the

calculation of the linear regressions in Table 4, we

excluded the outlier point at NNI 1.6 and Chl

48.8 mg cm�2. This point corresponds to measure-

ments made on 3N3, at growth stage Z32 on plants

that suffered a very cold winter and water stress

(Table 1), followed by a rapid increase in biomass.

We found that two different factors affected the rela-

tionships between Chl, Phen and the NNI. There was a

year (experiment) effect in the relationship between

Phen and NNI (Fig. 7, Table 4). Chl was affected by

the growth stage effect. For a given NNI, leaves from

plants early in their development had a lower Chl

content than leaves from plants in a more advanced

growth stage (Fig. 7, Table 4). The cultivar effect

(Isengrain versus Récital) was not prominent. The

available sampling size for NNI was too small to

verify a putative year effect on Chl, or a dependence

of Phen on the growth stage. Due to these factors, the

correlation coefficients between the ratio Chl/Phen

and the NNI are not statistically better than those

between Chl and the NNI.

4. Discussion

The aim of this study was to test the Phen depen-

dence on crop N status, in addition to a verified

indicator of N deficiency like Chl. Figs. 1 and 2

showed that SPAD and Dualex are useful devices

for the estimation of Chl and Phen wheat leaf content,

respectively.

The present three seasons’ survey showed that

Phen in wheat leaves accumulated under N stress

Table 4

Linear regressions of the content of leaf polyphenolics (Phen), the content of leaf chlorophyll (Chl), and the Chl/Phen ratio on the nitrogen

nutrition index, with respect to the experiment and with respect to the growth stage expressed in Zadoks’ scale

Experiment Growth stage cv. Variable Intercept Slope r2 n

1 All Ise Phen 3.60 �0.83 0.88** 10

2 All Ise Phen 2.92 �0.63 0.56* 9

2 All Rec Phen 3.12 �0.99 0.94** 9

3 All Ise Phen 3.53 �0.85 0.76** 7

All experiments All Ise þ Rec Phen 3.16 �0.68 0.36** 35

1 All Ise Chl 24.93 23.95 0.77** 9

2 All Ise Chl 19.76 32.76 0.82** 9

2 All Rec Chl 18.93 33.93 0.77** 9

3 All Ise Chl �5.81 51.48 0.92a,** 6

All experiments All Ise þ Rec Chl 23.49 26.94 0.75a,** 33

All experiments Z30 Ise þ Rec Chl 19.49 23.68 0.92** 7

All experiments Z65 Ise þ Rec Chl 24.35 29.02 0.90** 13

1 All Ise Chl/Phen 5.96 12.09 0.81** 9

2 All Ise Chl/Phen 5.15 17.88 0.93** 9

2 All Rec Chl/Phen 3.17 21.94 0.85** 9

3 All Ise Chl/Phen �10.78 28.20 0.95b,** 6

All experiments All Ise þ Rec Chl/Phen 7.06 13.98 0.63b,** 33

All experiments Z30 Ise þ Rec Chl/Phen 6.93 9.82 0.56 7

All experiments Z65 Ise þ Rec Chl/Phen 7.42 14.97 0.80** 13

The cultivars were Isengrain (Ise) and Récital (Rec).
a Calculated without the outlier at NNI ¼ 1:6, Chl ¼ 48:8 mg cm�2.
b Calculated without the outlier at NNI ¼ 1:6, Chl=Phen ¼ 21:46 mg cm�2.
* P � 0:05.
** P � 0:01.
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(Figs. 3–5). Several theories assume that the synthesis

of polyphenolic compounds is constrained by the

external availability of resources and internal trade-

offs in resource allocation between growth and Phen

(Bryant et al., 1983; Baas, 1989; Herms and Mattson,

1992). These authors state that under limited resources

plants cannot meet simultaneously all requirements to

support their physiological processes. Limited avail-

ability of N restricts growth more than photosynthesis.

This implies an accumulation of excess carbohydrates,

that may be allocated into the polyphenolic pathway

(Gershezon, 1983; Herms and Mattson, 1992).

Although little is known about Phen response to N

availability in field crops, there are indications that the

Phen increase under N deprivation is general, and

affects both flavonoids and hydroxycinnamic acids

(Kiraly, 1964; Chishaki and Horiguchi, 1997; Estiarte

et al., 1999; Nørbæk et al., 2003). Here we showed

that, at the end of winter, Phen or Chl contents were

similar in leaves of 2N0 and 2N2 plants, for both

cultivars (Fig. 5). During winter, because the low

temperature limited N assimilation and growth, differ-

ences in N fertilisation was not yet reflected in the Chl

or Phen of the leaves (cf. first points in Fig. 5). By the

beginning of the spring, in the 2N2 treatment, Phen

decreased concomitantly with an increase in Chl.

During this period, temperature started to rise and

2N2 plants had already received the first application of

fertiliser. The beginning of a phase with rapid growth

rate produced leaves with lower Phen and higher Chl

contents. During the same period, 2N0 plants’ Chl

content remained low, while Phen content increased,

indicating the progression of N deficiency. Our experi-

mental protocol allowed us to follow ontogenetic

changes in Phen only on flag leaves. In exp. 2, the

Phen content decreased with ageing of flag leaves for

all treatment and both genotypes. As the ambient light

level increased during that period (Table 2), a Phen

accumulation would have been expected instead

(Hahlbrock and Scheel, 1989). Decrease in Phen

has already been described for barley in senescent

leaves (Blume and McClure, 1979; Liu et al., 1995). It

is unlikely that flag leaves were senescing in our study

because we stopped the measurements just after flow-

ering and the Chl content had not decreased. Actually,

little can be found in the literature about a putative

Phen turnover or the fate of Phen in cereal leaves.

Some authors suggested that polyphenolic compounds

might be photodegraded (Blume and McClure, 1979;

Liu et al., 1995). The resulting compounds might not

absorb UV-A, thus are invisible to the Dualex. Other

authors suggested that Phen from epidermal cells are

simply leached by rainfall or dew (Blume and

McClure, 1979).

We further showed that Phen and Chl are tightly

linked to the N concentration in leaves (Fig. 6), even

though Phen and Chl were expressed on an leaf area

basis, and the N content expressed per leaf dry weight

(Evans, 1983; Peng et al., 1996; Lemaire et al., 1997).

The expression of concentration on a dry weight basis

can mask or diminish the changes in the N concentra-

tion because of changes in non-structural carbohy-

drates (Estiarte et al., 1999), or it can be affected by

changes in leaf mass per area. The strong correlation

of Chl and Phen with the N concentration indicates

that these influences were small, but they should be

analysed thoroughly in the future.

The concept of a critical N concentration for whole

plants has a strong theoretical and experimental basis

(Lemaire and Gastal, 1997). The critical N concentra-

tion curve therefore provides a reference method for

making a diagnosis of N nutrition during crop growth.

Thus, we used the NNI as a reference to evaluate the

potential use of leaf Phen, or the combination of leaf

Phen and Chl, as indicators of N deficiency. We found

that the year of experiment affected the relationship

between Phen and NNI. This effect cannot be

explained by differences in global solar radiation

(Table 1), so other soil and climatic influences should

be invoked. For instance, a high level of soil silicon is

known to decrease Phen content (Chishaki and Hor-

iguchi, 1997; Goto et al., 2003). On the other hand, the

relationship between Chl and the NNI was influenced

by the growth stage. Nevertheless, both variables Chl

and Phen are effective surrogate indicators of the crop

N nutrition status (Figs. 4 and 7).

Specificity, sensitivity and robustness are the qua-

lities required from an indicator for N diagnosis

(Meynard et al., 1997). The specificity of Phen was

not investigated here, but, many factors affecting crop

growth could potentially influence the leaf Phen con-

tent (Gershezon, 1983; Herms and Mattson, 1992;

Dixon and Paiva, 1995; Chishaki and Horiguchi,

1997; Stewart et al., 2001). However, in corn, Samson

et al. showed that S deficiency does not affect Phen

(Samson et al., 2000) while N does. In that study, Phen
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were also assessed from their screening effect on Chl

fluorescence in the UV-A. Plant Phen also responds to

water stress (Gershezon, 1983; Hahlbrock and Scheel,

1989). Estiarte et al. (1999) found a 10% increase in

flavonoid concentrations in wheat leaves suffering

from water stress. We noticed that under water stress

leaves rolled up, preferentially exposing their abaxial

side to sunlight. An increase in Phen on the abaxial

side of leaves then became noticeable (data not

shown). However, total Phen remained constant, while

only the allocation between the two sides of the leaves

changed. This suggests that total Phen might not be

very sensitive to water stress.

The sensitivity of an indicator reflects how quickly

it reacts to a change in N nutrition. The sequence of

events in the appearance of N deficiency is first a

decrease in N concentration of the aerial biomass,

while the growth rate remains constant, then, the

growth rate decreases and the dry matter accumulation

is reduced (Justes et al., 1994). Therefore, the response

of Phen to N deficiency will show a lag time because

the Phen accumulation depends on growth rate (Ger-

shezon, 1983; Herms and Mattson, 1992).

The robustness of Phen measurements with chan-

ging ambient light was tested over the course of a

sunny morning. Phen were measured on flag leaves

from 7:30 to 11:00 a.m., while PAR rose from 350 to

1540 mmol photon m�2 s�1. Phen measurements were

stable, with fluctuations less than 0.05 (not shown).

This indicates that Phen measurements in the field are

not influenced by light environment on this time scale.

As stated earlier, we also found that Dualex values

were higher in the abaxial than in the adaxial side of

the leaves. Still, as adaxial and abaxial values are

highly correlated, it would also be possible to use

measurements on only one side as a more rapid and

convenient method for agricultural purposes. Measur-

ing these two indicators at the middle of upper fully

developed leaves is a reasonable solution to the pro-

blems of differences in leaf length and gradients of Chl

and Phen along the leaves. This sampling strategy

minimises the variance in both indicators due to

changing light and of N profiles in the canopy.

Phen are known to play an important role in disease

resistance (Herms and Mattson, 1992). The suscept-

ibility of cereals to biotrophic parasites, such as

mildew and rusts, is conspicuously increased by N

supply. High N fertilisation generally promotes the

extent and epidemic progress of these diseases,

whereas under low N supply less mildew or rust is

observed. Indeed, high N supply increased pustule

numbers and sporulation of powdery mildew (Sander

and Heitefuss, 1998). Low N level reduced disease

intensity and this was associated with higher amounts

of Phen. Some authors found that aphid feeding was

significantly influenced by the levels of total phenolics

in wheat (Havlickova et al., 1998). Tobacco produced

elevated levels of Phen and exhibited reduced suscept-

ibility to infection with a fungal pathogen (Shadle

et al., 2003). All these highlight the importance of

following Phen per se, because Phen might be an

indicator of the degree of plant protection against

pathogens.

For yield components determined after flowering,

such as grain protein content, when Chl is not suffi-

ciently discriminative, an additional indicator like

Phen might help in adjusting the post-flowering rate

of N fertiliser application. This will be tested in further

studies in addition to the evaluating of Phen response

to genotype and soil and climatic conditions.

Tractor-based optical sensors can be a valuable

alternative to satellite- and airborne-based remote

sensing for precision crop management (Moran

et al., 1997). They would allow real-time variable rate

application of fertilisers and agrochemicals, but they

would need precise signatures of the crop N status at

the canopy level. As Phen and Chl can also be assessed

from distance using Chl fluorescence (Ounis et al.,

2001) they could provide this potential signature.

Even though only one side of the leaves will be seen

at the canopy level, this might not be a problem

because we have shown that the Phen content of the

two sides of wheat leaves are correlated. Furthermore,

the presence of gradients of Phen and Chl along wheat

leaves may blur the signature of N deficiency at the

canopy level. The possibility to assess the Phen con-

tent in addition to leaf Chl content will help alleviate

this second problem. Indeed, as both gradients, Chl

and Phen, start from the base of the leaf, the use of the

ratio Chl/Phen will decrease the percentage standard

deviation for the whole leaf, compared to Chl alone

(cf. Fig. 3). More importantly, thanks to the opposite

effect of N-nutrition on Phen and Chl flag-leaf content

(cf. Figs. 3–5), the mean value for the Chl/Phen ratio

for a whole leaf is 86% larger for N-sufficient than

N-deficient plants, compared to a difference of only
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43% when the means for Chl contents are compared

(Fig. 3). Therefore, the future concomitant use of Chl

and Phen as N deficiency indicators could open an

access to real-time site-specific N fertilisation of

wheat crops.
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