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SUMMARY

As photosynthesis is the basic process during which light energy is absorbed and converted
into organic matter, the importance of the plant pigment chlorophyll (a and b forms) as an intermediary in transformation of the absorbed solar energy and its activity in the process of photosynthesis and synthesis of organic substances in plants are crucial. Therefore, this paper provides an overview of methods for monitoring the optical activity of chlorophyll molecules and
methods (non-destructive and destructive) for quantification of chlorophyll in plants. These
methods are used to estimate the effects of different stress factors (abiotic, biotic and xenobiotic) on the efficiency of photosynthesis and bioproductivity, aiming to assess the impact that
these limiting factors have on the yield of various cultivars. Also, those methods for analysis of
chlorophyll optical activity and/or content are appropriate for assessing the reaction of weed
species to different agricultural practices (mineral nutrition, treatment by herbicides, etc.) and
studies of different aspects of weed ecophysiology and their influence on crop harvest.
Keywords: Chlorophylls; Photosynthesis; Plant health
Abbreviations: LHCP2, LHCP1: antenna complexes in photosystems II and I with the main
function of absorbing (sun)light quantum and converting it into excitation energy of chlorophyll molecules (excitons); PS II and PS I: photosystems II and I; RC: reaction centers of PS II and PS
I with the function of transforming the energy of exciton into primary photochemical reaction
and reducing the molecules of RC chlorophyll, which starts the photosynthetic electron transport;
NADPH2: the main reducing equivalent, i.e. the product of photosynthesis with a role in synthesis
reactions in the „dark phase of photosynthesis”; NADP: the oxidized form of NADPH2; ATP: the main
energy equivalent, i.e. the product of photosynthesis with a function in synthesis reactions in the
„dark phase of photosynthesis”; Qa and Qb: (plasto)quinones in PS II; D1: herbicide- (photosynthesis inhibitors) and PS II (plasto)quinones-binding protein in the pigment-protein complex of PS II;
Fd: a protein with a cofactor in PS I with the function of reducing NADP, as well as some other compounds important for the metabolism of nitrogen and sulfur; Fm, F0, Fv: maximum, minimum level of fluorescence and variable fluorescence (Fm-F0); ψ (=Fv/Fm): maximum quantum efficiency
of photosynthesis in PS II (a measure of the potential photochemical efficiency of photosynthesis)
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INTRODUCTION
In the era of modern technologies and numerous natural disasters, there is a need to increase the production
of plant organic matter in order to meet a growing global food demand. From the aspect of natural processes,
this seems a simple task, there is sunlight, and a plant,
and here comes the food. However, up-to-date biotechnology (i.e. plants tolerant to pesticides, drought, diseases, etc.), extensive environmental pollution (greenhouse gases, wastes in waters, etc.), reduction in arable
land (urbanization and industrialization), deforestation, and other similar factors, lead to a destruction of
natural food resources. The use of pesticides and organic food production stand in huge contrast. Farmers approach the issue from a standpoint of profit and crop
yield, where the use of pesticides provides them with a
feeling of security; while environmentalists believe that
pesticides-free production protects the environment and
human health; scientists transfer genes from one species
to another and create genetically modified food that is
supposed to combine both of these aspirations, although
objections have been voiced to that approach as well.

1. CHLOROPHYLL: THE ESSENTIAL
ELEMENT OF PHOTOSYNTHESIS
Photosynthesis is the basic process of substance and
energy circulation in nature. In the light-dependent
phase of photosynthesis, the energy of sunlight is taken
from a chlorophyll-protein complex, the so-called antenna (LHCP2 , LHCP1), and then transmitted as excitation energy to the reaction centers of both photosystems (PS II and PS I). In RC PS II excitation energy is converted into chemical energy by releasing of an
electron, which is accepted by pheophytin as the primary electron acceptor in PS II. The process of molecule excitation and transfer of electrons goes on up to
the NADP in PS I, which is the final electron acceptor
in the photosynthetic electron transport chain (Malkin and Niyogi, 2000). Electron transport takes place
in the chloroplast stroma and stromal lamellae via four
protein complexes (PS2 , cytochrome b6/f complex, PS
I and the complex of ATP- synthetase; Fuerst and Norman, 1991). The electrons from RC PS II are transmitted to Qa and Qb, the quinone of PS II. These electrons
leave the D1 protein (it connects Qa and Qb quinones of
PS2) in the form of hydroquinone, PQH2 , and are transferred to cytochrome b6/f complex through the Q cycle,
whence they undergo a noncyclic pathway from PS2 to
22

PS1. In RC PS I (chlorophyll P700), the received electron
is further transferred to an iron-sulfur protein complex
(Fx and Fa/Fb) in PS I. Electrons in PS I are then transferred to ferredoxin (Fd), which enables the reduction of
NADP+ into NADPH2 . In addition, an electron may be
transferred back through the cyclic pathway to the cytochrome b6/f complex, which enables a conversion of quinone into hydroquinone and transmission of electrons
through the thylakoid membrane, which leads to ATP
synthesis (Moreland, 1980; Kastori, 1995; Nešković et
al., 2003). The dark phase of photosynthesis takes place
in the Calvin cycle. The cycle is dependent on energy
(ATP) and reduction (NADPH2 , reduced Fd) equivalents created in the light reactions phase and the available CO2 . Carbon dioxide is the primary substrate of
ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco). The assimilatory segment of the Calvin cycle
consists of five enzymes: phosphoribulokinase, Rubisco, 3-phosphoglycerate kinase, NADP-glyceraldehyde3-phosphate dehydrogenase, and triose-phosphate isomerase (Geiger and Servaites, 1994). Metabolic regulation of this cycle enables plants to respond to a variety
of endogenous and exogenous factors. The level of CO2
uptake is an important component of crop productivity
and it is almost proportional to nitrogen content (Jinwen et al. 2009). The whole process is based on chlorophyll and therefore by monitoring its content in plants
we can determine the productivity of photosynthesis.
Chlorophyll molecules are esters of a dicarboxylic acid
(chlorophyllins), and four five-membered pyrrole rings
linked together by methyl groups (-CH=) (protoporfirin
ring) (Kitchen et al., 1981). A change in chlorophyll content is one of the most obvious symptoms of plant stress
(Lichtenhaler, 1996; Nikolić, 1997; Lichtenhaler and
Babani, 2004; Pavlović, 2005). Numerous genetic (genotype), morphological (age and position of leaves), physiological (simultaneous chlorophyll decomposition and
synthesis processes, chlorophyll distribution in leaf mesophyll) (Kastori, 1995; ByungJoo et al., 2001; Nikolić,
1997) and abiotic factors (herbicides, temperature, relative humidity, mineral nutrition, quality of light, etc.)
(Milivojević and Nikolić, 1998; Kastori, 1995; Anderson et al., 1993) affect its content in plant leaves.

2. OPTICAL ACTIVITY AND CONTENT
OF CHLOROPHYLL IN LEAVES
Determination of the optical activity and content of
photosynthetic pigments in leaves is one of the key techniques in studying the process of photosynthesis and
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measuring plant productivity. Chlorophyll molecules
2.1. Optical activity and chlorophyll content
absorb and re-emit light, a characteristic which was the
in leaves of intact plants
basis for developing two basic methods: absorption
2.1.1. C
 hlorophyll fluorescence - modulated
and fluorescence monitoring of the optical activity of
and unmodulated
chlorophyll molecules. The method of chlorophyll fluorescence is used for monitoring photosynthesis in situ
Chlorophyll fluorescence is a rapid, sensitive and reand in vivo and for estimating the impact of various
liable
method (van Oorschot and van Leeuven, 1992;
stress factors (abiotic, biotic, xenobiotic) on this crucial
Maxwell
and Johnson, 2000). Despite the fact that total
process. It makes it possible to differentiate plant genofluorescence
is small (1-2% of absorbed light), its meastypes resistant to the aforementioned stressful environurement
is
quick
and easy, and its intensity is inversely
mental factors, and also to assess the positive impact of
proportional
to
the
efficiency of photosynthesis (Krause
various agricultural measures on plant health (mineral
and Weis, 1991). Fluorescence measurement yields relanutrition, use of herbicides, etc.). Methods for nondetive values because losses of light energy are permanent
structive quantification of chlorophyll in plant leaves
(Maxwell and Johnson, 2000). When light is absorbed,
have also been developed. They are particularly valuaplastoquinone Qa accepts an electron, which is blocked
ble in assessing nitrogen content in plants because chlountil transferred to plastoquinone Qb. During that time,
rophyll is one of the most important points of its accuRC PS II is „closed”, so that the absorbed light energy
mulation. Chlorophyll content can also be determined
can be re-emitted in the form of light of higher waveby destructive methods based on the Law of Lambert
length than the absorbed one. Proportional closing of
and Beer (measurement of light absorption by chloroRC PS II leads to an overall decrease in the efficiency of
phyll in plant extract).
photochemical processes and simultaneous increasing
The light energy absorbed by chlorophyll is mostof fluorescence yield (when exposing the plants to light,
ly converted into chemical equivalents (ATP and
after a period in the dark). In the following minutes the
NADPH2), which are used in the dark phase photolevel of fluorescence decreases, which is known as fluosynthesis for CO2 fixation and the synthesis of organrescence quenching (Figures 1a, b; Schreiber et al., 1986).
ic molecules (Geiger and Servaites, 1994). A part of the
absorbed energy gets lost throught: a) re-emission in the
form of heat radiation, b) re-emission of energy in the
form of light of longer wavelengths than the absorbed
light (fluorescence) (Krause and Weis, 1991; Maxwell
and Johnson, 2000; Baker, 2008). The ratio of the energy used and energy lost depends on several abiotic
(high/low temperature, salinity and soil pH, drought,
presence of phytotoxic elements in the soil, etc.), biotic
(phytopathogenic viruses, bacteria, fungi, nematodes,
arthropods and other organisms) and xenobiotic factors (pesticides, other phytotoxic chemicals, radionuclides and similar) and their combinations (DemmigAdams and Adams, 1992; Long et al., 1994; Giardi et
al., 1997). All these factors limit the synthesis and utilization of organic matter, and growth and development
of plants (Lichtenthaler, 1996; Larcher, 2003). In order
to alleviate the negative impact of stress factors, plants
limit or reduce the effectiveness of light transformation
into chemical energy by enhancing thermal or fluorescent light re-emission (Demmig-Adams and Adams,
Figure 1. Modulated chlorophyll fluorescence. Induction curves
1992). The efficiency of (photo)chemical transformaof P. vulgaris with repetitive application of saturation
tion of sunlight is determined by measuring the intensipulses depending on the availability of CO2. A) The
ty of re-emitted fluorescence
and calculating various relwaspulses
exposed
airavailability
with of0.03%
CO
CO
was0.03% CO ; B) CO was removed
Figure 1. Modulated chlorophyll fluorescence. Induction curves of P. vulgaris with repetitive applicationleaf
of saturation
dependingto
on the
CO . A) The
leaf was
exposed
to air
2; B)
2 with
detected by chlorophyll fluorescence method
ative parameters (Krause
and Weis, 1991; Demmig-Adremoved from the air stream. An example of plant
stress detected by chlorophyll fluorescence method
ams and Adams, 1992; Maxwell and Johnson, 2000).
2
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A decrease in the level of fluorescence can be attributed to the activity of light-activated enzymes involved in the metabolism of carbohydrates and to stoma opening (photochemical quenching), as well as to
an energy loss in the form of heat (non-photochemical quenching) (Maxwell and Johnson, 2000). These
processes last 15-20 minutes. Fluorescence measurement includes the monitoring of minimum (F0) and
maximum fluorescence (Fm), as well as their difference, i.e. variable fluorescence (Fv). In the mid-1980s,
the method of chlorophyll fluorescence was innovated by introducing the PAM system, i.e. the modulation of chlorophyll fluorescence amplitude by double
illumination of leaves. The leaf is exposed to continuous actinic light and short (up to 1s) repetitive pulses of high-intensity white light (≥2000 µmol photons m-2 s-1). It then comes to a temporary „closure”/
saturation of its RC PS II centers and electron acceptors are completely reduced. A part of the energy absorbed by chlorophyll in the PS II can be used
in photochemical reactions (Fv=Fm-F 0 ; Gilmore,
1997). Photochemical efficiency of photosynthesis
(quantum yield) is calculated from the ratio of Fv/
Fm (Schreiber et al., 1986; Genty et al., 1989). The
optimum value of Fv/Fm for healthy plants is around
0.8 (Björkman and Demmig, 1987), so this parameter can be used as an indicator of whether plants
have been exposed to stress factors (drought, herbicides, etc.), i.e. whether the inhibition of photosynthesis has taken place.
Many researchers have studied the impact of various
factors on the process of photosynthesis (Long et al.,
1994; Lichtenthaler, 1996; Giardi et al., 1997; Larcher, 2003; Lichtenhaler and Babani, 2004). A particularly interesting aspect of this issue is the inhibition
of photosynthesis by herbicides (Nikolić, 1997; Klem
et al., 2002; Pavlović, 2005; Nikolić, 2007; Nikolić et
al., 2007 a, b, c; Pavlović, 2010). The impact of atrazine has been most closely studied because of its frequent and widespread application in the 1980s (Moreland, 1980; Ali and Machado, 1981; Ahrens et al.,
1981; Chodova et al., 1995; Gronwald et al., 1995;
Yerkes et al., 1995; Pavlović et al., 2002, 2004, 2005,
2006). Application of that herbicide interferes with
photosynthesis (reducing yield of fluorescence) in all
sensitive plants. Experiments conducted on Chenopodium album, Amaranthus retroflexus and Abutilon theophrasti plants have revealed decreases in fluorescence yield 24 hours after the application of atrazine (2, 4 and 8 kg ha-1) (Pavlović, 2005; Pavlović et
al., 2006). After herbicide application, the value of
24

Fv/Fm decreased from 0.8 to 0.2, which clearly indicates a blocked electron transport chain and damage to photosynthetic structures. Nikolić et al. (2007
a, b, c) monitored the effect of sulphosate on maize
plants (Zea mays) in this way. They concluded that
the presence of this herbicide caused a reallocation
of dry matter from leaves and the root system to the
stem, according to a theory of „functional balance”
(Lang and Thorpe, 1985). By combining the chlorophyll fluorescence method with weighing of organs
biomass of control plants and plants treated with sulphosate, strong correlations were confirmed among
assimilates reallocation, photosynthesis, bioproductivity and crop yield. It was also concluded that their
interrelation was strongly influenced by environmental factors and plant age (Nikolić et al., 2007 a, b, c;
Pavlović et al. 2010). Poorter and Nagel (2000) came
to similar results in their research. Those results are
significant for practical work because they make it easier to study the effects of herbicides on plants by applying Chl a fluorescence as a non-destructive method.
It is important to point out that there are plant populations that are able to cope with stress through certain mechanisms without causing a change in fluorescence yield, i.e. in the process of photosynthesis. Particularly important in that context are several studies carried out on cultivated plants. Based on fluorescence yield, a parameter of phytotoxic herbicide effect has been defined as an estimated impact of a herbicide on plant yield and indicator of financial viability of its application. Thus, the effect of glyphosate
has been monitored on Beta vulgaris (Madsen et al.,
1995), clodinafop on Hordeum murinum and Avena
sativa (Abbaspoor and Streibig, 2005), and the effect
of diuron on Triticum aestivum (Habash et al., 1985).
Experiments have shown that the technique of chlorophyll fluorescence is a very reliable and sensitive method of monitoring physiological changes in plants under the impact of herbicides. In addition, chlorophyll
fluorescence is used in agronomic practice for solving the problem of weed resistance to herbicides. In
plants resistant to herbicides, the Fv/Fo value is always
around 0.8, which indicates that the process of photosynthesis has not been compromised. Van Oorschot
and van Leeuven (1992) studied the process of photosynthesis by monitoring chlorophyll fluorescence
after the application of chlorotoluron on Alopecurus
myosuroides plants. They recorded a deterioration of
some plants, but also partial or full recovery of others.
In the latter group, there was a mutation of D1 protein
(in photosystem II), which ensures smooth progress of
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photosynthetic electron transport in spite of the
present herbicides, inhibitors of photosynthesis (Ahrens et al., 1981; Yerkes et al., 1995; Pavlović, 2005;
Pavlović et al., 2006). Some researchers have also used
this method to monitor the effects of abiotic factors
(humidity, light, mineral nutrition, etc.) on the physiology and yield of cultivated plants and weeds. Adaptation of plants to extreme environmental conditions causes short-term chemical, molecular and physiological, as well as long-term physiological, structural
and morphological modifications (Giardi et al., 1997).
Changes in activation, transcription and translation
of genes often occur during acclimatization of plants
and develop into a kind of tolerance to a stressful factor (Lichtenthaler, 1996; Giardi et al., 1997). Oberhuber and Edwards (1993) studied the photosynthetic
reactions in plants under conditions of extremely high
and low temperatures. They noticed that the light energy absorbed by plants was excessive under low temperatures and bright light, which affected the bioproductivity and/or yield of plants (Oberhuber and Edwards, 1993, Long et al., 1994). Excess energy must be
either consumed or eliminated in order to avoid photoinhibition and photooxidation during photosynthesis (Demmig-Adams and Adams, 1992). Plant adaptation to different light intensity conditions was also
studied by Lichtenhaler and Babani (2004). Nikolić
et al. (2008) showed that variations in light intensity
have impact on the photosynthesis of various plants,
both cultivated and wild. The method of chlorophyll
fluorescence is also used in phytopathology (Nikolić
et al., 2011). Higher values of the parameter Fv/Fm
were found in leaves of the vine variety Frankovka
than in the variety Gamay tenturier infected with a
virus. The comparison of Fv/Fm values, obtained for
leaves from the middle parts of plants infected with virosis, revealed a greater sensitivity of Gamay tenturier
leaves to plant viruses (Nikolić et al., 2011).
2.1.2. H
 igh resolution fluorescence
imaging systems
In order to analyze and describe changes in the
process of photosynthesis and detect stress in plants,
various types of indicators of chlorophyll activity were used at the end of the 20 th century (Lichtenthaler, 1996; Lichtenthaler et al., 1996). However, all these indicators were based on the principle of
„spot measurement”, i.e. on photosynthetic activity
measured on a small area of a single leaf. Therefore,
the representativeness and statistical replication of


such measurements were limited. Advanced optical
technologies (new types of lenses, sources and detectors of light of different wavelengths) have modernized the fluorescence methods, i.e. it is now possible to monitor the health of entire plants, even plant
communities. A method developed by Lichtenthaler (1996) – the high resolution fluorescence imaging system – is based on leaf fluorescence intensity
ratios in different parts of the visible spectrum. The
fluorescence intensity ratios of red/far-red: F690/F 740,
blue/far-red: F440/F 740 and blue/green: F440/F520 are
quite good indicators of plant health (Lichtenthaler, 1996; Lichtenthaler et al., 1996). This method is
valuable because it does not only observe the fluorescence of chlorophyll (red and far-red part of the
spectrum: F690 , F 740) as an indicator of photosynthetic apparatus activity, but also the fluorescence of
polyphenols (blue-green and yellow part of the spectrum: F440, F520) as indicators of cell wall condition
(Lichtenthaler, 1996). The parametric relations F440/
F690 and F690/F 740 are especially suitable for monitoring stress effects caused by environmental factors and
for assessing damage cause to the photosynthetic apparatus. The method can generate data on a different
fluorescence distribution along the leaf longitudinal
and transverse axes after herbicide application (Figure
2; Lichtenthaler, 1996). In this way, we can monitor
the uptake and translocation of herbicides in plants,
which may further optimize its use in efforts to suppress weeds and increase crop yields. Some researchers
have studied the effects of diuron on electron transport. They concluded that herbicides became bound
to the QB -binding site, which blocks electron transport (Lichtenthaler, 1988; Lichtenhaler and Rinderle, 1988; Szigeti et al., 1996). The result of such inhibition is a decrease in the efficiency of photosynthetic conversion of the absorbed light, and significant increase in the emission of red (F690) and far-red (F 740)
chlorophyll fluorescence. On the other side, F690 and
F 740 in untreated plants have very low values. By monitoring the fluorescence emission it is possible to determine the distribution of weeds within crops after herbicide application (Lichtenhaler, 1996; Lichtenthaler et al., 1996), as well as the health of cultivated plants (Lichtenthaler et al., 1996; Lichtenhaler and Babani, 2004). In addition, there are also other
types of chlorophyll fluorescence imaging (Meyer and
Genty, 1998; Baker et al., 2001; Leipner et al., 2001;
Fryer et al., 2002; Simić et al., 2012), based on the imaging of different chlorophyll fluorescence parameters described in section 2.1.1.
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2.1.4. D
 etermination of relative chlorophyll content
by light transmittance/absorbance: SPAD meter

Determination of relative chlorophyll content using
the SPAD meter is a quick, efficient and relatively reliable way of defining symptoms developed during photosynthesis as a result of plant exposure to stress. Measuring chlorophyll content without sacrificing plants enables the monitoring of several parameters in the same
plants and obtaining more reliable data. High sensitivity of chloroplasts and chlorophyll grains outside the
plant and the possibility of deriving erroneous conclusions support the use of this method. High light intesity induces thicker leaves, higher Chl a/b ratios and
chlorophyll content per unit area, but lower chlorophyll
content per unit weight or volume (Boardman, 1977;
Khan et al., 2000; Terashima et al., 2006). Accurate
measurement of leaf thickness is difficult and time consuming because leaf blade changes under pressure. Leaf
chlorophyll content can be rapidly estimated in situ by
SPAD (Soil Plant Analysis Development). This techFigure 2. A) False fluorescence images of the blue (F440),
green (F520), red (F690) and far-red (F740)
nique has been used for measuring the deficit of macfluorescence emission in a young green leaf of
ro- and microelements in mineral nutrition of plants,
Codiaeum
L. Fluorescence
intensities
luorescence emission in
a youngvariegatum
green leaf
of Codiaeum
variegatum changes
L. Fluorescence
intensities
increase
dark to
light shade (see
in chlorophyll
contents
due tofrom
different
illuincrease from dark to light shade (see scale in
mination levels, changes in plant biomass, content of N
the figure). B) Photograph of a leaf of
(Thompson et al., 1996; Gaborick, 2000; Abdelhamid,
C. variegatum.
2003; Woonho, 2003; Nauš et al., 2010; Chao-Yi and
Der-Ming, 2008; Jarrahi et al., 2013) and for measuring the impact of herbicides on photosynthesis (Ferell
2.1.3. Other methods for monitoring the optical
et al., 2003). Jinwen et al. (2009) showed that leaves beactivity of chlorophyll
came thinner with increasing N application and Chl
a/b ratios decreased. Also, the sensitivity of SPAD readWhile the two described methods (based on rapings of the same leaves at different ages to N rates was
id chlorophyll fluorescence) have been widely applied
assessed through coefficients of variation (CV). The
in ecophysiological and agronomic research, methods
CV of SPAD readings increased from 8.8% to 21.6%
based on other types of light re-emission such as therduring leaf lifetime, which indicates that SPAD readmoluminescence (Demeter and Govindjee, 1989),
ings became more and more sensitive to nitrogen rates
delayed fluorescence (Radenović et al., 1994), ultraas the leaves aged. Pavlović et al. (2004, 2005) studied
weak bioluminescence (Radotić et al., 1998), and the
the secondary effect of atrazine on the process of pholike, have so far been applied only in fundamental retosynthesis by measuring relative chlorophyll content
searches. However, rapid fluorescence (sections 2.1.1.
with the SPAD meter. In damaged plants of C. album,
and 2.1.2.) had itself been initially considered suitthere was a decrease in the relative content of chloroable only for fundamental research, until the PAM
phyll (5 days after application), compared to healthy
fluorescence measuring system was introduced in the
plants (Pavlović et al., 2002, 2004, 2006). The conearly 1980s and everything changed therefrom (Schtent of chlorophyll (SPAD readings) in healthy plants
reiber et al., 1986). This method is now considered
ranged from 36.04 relative units (r.u.) (resistant popuone of the basic tools in plant ecophysiology (Maxlation) to 36.38 r.u. (susceptible population), while the
well and Johnson, 2000; Baker, 2008). In that sense,
application of atrazine resulted in plant stress and redelayed fluorescence is possibly the most promising
duction in relative chlorophyll content from 34.89 r.u.
method (Radenović et al., 1994; Раденович et al.,
(resistant population) to 30.40 r.u. (susceptible popu2005), accompanied of course by appropriate techlation) (Pavlović, 2005, Table 1).
nical innovations.
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Table 1. Total amount of chlorophyll (r.u.) determined by SPAD meter readings
5 days after treatment
(8 kg ha-1 atrazine)

Control plants

Weed population

Average amount

LSD test

R

S

R

S

C:R

C:S

Abutilon teophrasti

24.58

25.27

22.42

23.45

ns

**

Amaranthus retroflexus

22.80

22.17

21.86

18.45

ns

**

Chenopodium album

36.04

36.38

34.89

30.40

**

**

p<0.01**, ns-nonsignificant differences, K-control, R-resistant population, S-susceptible population

The measurements by SPAD meter showed differences in chlorophyll contents among the weed species.
From a standpoint of suppression and control of weed
species, the obtained results may represent important
information. Chlorophyll content (SPAD readings)
was in the range of 20.31-25.00 r.u. in A. retroflexus
plants, while the results ranged from 23.95 to 25.27
r.u. for A. teophrasti plants and from 33.14 to 37.99
r.u. for C. album plants (Pavlović, 2005; Pavlović et
al., 2007a, b). Damaged chloroplasts were clearly evidenced in plants of Conyza canadensis, C. bonariensis
and Lolium rigidum after application of glyphosatetrimesium (or sulphosate) (Pavlović, 2010; Pavlović
et al., 2013). A simple and quick way of measurement reading showed that chlorophyll contents had
changed, which is a good and reliable indicator of the
efficiency of the applied herbicide from the aspect of

its justified use. The study included cultivated plants
as well. Treatments of soybean and maize plants with
sulphosate resulted in a slightly decreased chlorophyll
content over a time period of 2-6 days after application. Genetically modified soybean plants (GMO) recovered after an initial stress caused by herbicide application, while the content in GMO maize plants was
still slightly lower than in the control group 6 days after application. In sensitive plants of both types, the
level of chlorophyll over time was constantly lower
than in the control group (Pavlović, 2010). However, measurements involving weeds (L. rigidum and
two Conyza species, Table 2) showed that, after a pronounced initial stress (2-4 days after application, Figures 3 and 4), the plants recovered (6 days after application, Figures 3 and 4) from the effects of sulphosate
application (Pavlović, 2010).

cc

Amount of chlorophyll
(mg g-1 fresh weight)

70

62.08

cb

64.78

60
50
40

30

56.03

59.70
53.88

50.04
29.33
23.59

20
10

0

0

2
4
Day after treatment

6

Figure 3. Amount of total Chl (mg g-1 fresh weight) of C. canadensis (cc) and C. bonariensis (cb) vs. day of sampling after
treatment with 1 kg a.i. ha-1 glyphosate
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cc

cb

Amount of chlorophyll
(mg g-1 fresh weight)

30
25

25.73

23.66

21.84

20
15

24.11
22.41

23.82
19.56

15.14

10
5

0

0

2
4
Day after treatment

6

Figure 4. Amount of Chl a (mg g-1 fresh weight) of C. canadensis (cc) and C. bonariensis (cb) vs. day of sampling after
treatment with 1 kg a.i. ha-1 glyphosate
Table 2. Total amount of chlorophyll (r.u.) determined by SPAD meter readings, Lolium sp. and Conyza sp. populations
Weed population
Lolium rigidum

6 days after treatment
(1 kg a.i.ha-1 glyphosate)

Control plants

Average amount

LSD test

R

S

R

S

C-R

C-S

33.43

38.33

37.06

34.69

ns

**

Conyza canadensis

-

48.46

-

50.81

-

Ns

Conyza bonariensis

-

39.17

-

43.06

-

*

p<0.01**, p<0.05*, ns-nonsignificant differences, C-control, R-resistant population, S-susceptible population

Plant recovery from the effects of sulphosate showed
that the weed species overcame stress more easily than
the cultivated plants by activating various metabolic
and biochemical processes. In order to determine weed
resistance and improve the quality of application of herbicides, Bozic et al. (2007) measured chlorophyll contents with the SPAD meter and indicated some possible effects of ALS herbicides. In contrast, tests conducted on sunflower plants and Xanthium strumarium L.
in the field revealed no statistically significant differences in contents between untreated plants and those
treated with ALS-inhibiting herbicides (Božić, 2010).
2.1.5. O
 ther optical methods for non-destructive
determination of chlorophyll content
In addition to non-destructive determination of
chlorophyll content in plant leaves by measuring their
28

transmittance/absorbance (SPAD method), it has been
concluded that chlorophyll fluorescence can be used for
the same purpose. A group of researchers (Hak et al.,
1990; Babani and Lichtenthaler, 1996) came to a conclusion that the ratio of chlorophyll fluorescence intensity, as defined by two maximums (red: F690 and farred: F740 or F730), is in inverse hyperbolic proportionality (y=ax-b) with total chlorophyll content, so that it
is possible to determine total chlorophyll content nondestructively in this way. Also, Björkman and Demmig (1987) found the ratio of total chlorophyll content against the Fv/Fm fluorescence parameter (measured on the same leaf) to have a sigmoidal dependence,
which enables an approximate estimate of chlorophyll
content in leaves by non-destructive measurement of
Chl a fluorescence. This approach was also applied by
Nikolić et al. (2004, Figure 5).
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Figure 5. Relationship of total chlorophyll content (mg m-2) and quantum efficacy of photosystem II (Fv/Fm) in young fully
developed leaves of four- or six-week old Z. mays plants; N - week; SSRI – plants in which the source-sink ratio increases;
SSRD – plants in which the source-sink ratio decreases (Nikolić et al., 2004).

Figure 5. Relationship of total chlorophyll content (mg m-2) and quantum efficacy of photosystem II (Fv/Fm) in young fully developed leaves of four- or six-week old Z. mays plants; N - week; SSRI – plants in which the sourcesink ratio increases; SSRD – plants in which the source-sink ratio decreases (Nikolić et al., 2004).

2.2. Determination of chlorophyll content
in the sample using a destructive method
– extraction
The first practical confirmation of the two forms
of chlorophyll had been given by Tswett (1903, cit.
Nešković et al., 2003) when he separated leaf pigments
using a chalk column. A hundred years later, we use
spectrophotometry to analyse plant pigments extracted in: 80% (v/v) acetone, dimethylformamide (DMF),
methanol or dimethylsulfoxide (DMSO). This method of chlorophyll quantification is reliable but timeconsuming and requires great precision. The main disadvantage of the method is that the process of extraction can result in erroneous qualitative and quantitative determination of the content of pigments (due to
photochemical reactions, impact of ambient oxygen,
chlorophyllase activity, pheophytinization caused by
acids from plant tissue, etc.) (Wellburn, 1994; Jelić et
al., 1992). The selection of solvent for extraction brings
about a dilemma. A number of factors may affect the
activity of a solvent: the time required for extraction,
amount of plant material, percentage of moisture in
plant material, preservation of extract in unchanged
form (Jelić et al., 1992; Moran and Porath, 1980), as
well as the fact that the extraction of Chl a is a slower
process than that of Chl b. Light, an important environmental factor, causes degradation of chlorophyll, so
that extraction should be carried out in almost total absence of light (Jelić et al., 1992). Discussing the solubility of chlorophyll in a solvent, Jelić et al. (1992) showed
that pigments were most stable in DMF, and least so in
DMSO. Their research showed that samples extracted
with 80 % acetone and DMF could be stored up to 6
days without significant loss (degradation during that


period is less than 5%), while extraction with DMSO
required spectrophotometric analysis on the same day
already. Using DMF, Jelić et al. (1992) extracted the
maximum amount of chlorophyll from leaves of Glycine max. (containing 60% water). They came to a conclusion that reduced water content in leaves decreased
solvent efficiency and thus extended the time of extraction. In extremely dry samples, regardless of DMF presence, it is necessary to homogenize the tissue, which can
then result in the loss of a certain amount of pigment.
The authors observed the efficiency of chlorophyll extraction with DMSO and showed that the amount of tissue
subjected to extraction did not affect the success of extraction process. The technique is suitable even for working
with dry plant material. The material should not be homogenized, but immersed in 5 ml of DMSO at 600C in
a dry heater and then the extraction can be performed.
Extraction with acetone (or some other non-polar
solvent) involves tissue homogenization with quartz
sand and rapid obtaining of an extract of all pigments
(a few minutes per sample). The extract is then separated from the quartz sand and remaining plant tissue
by sample filtration and centrifugation. The procedure
with DMF does not require homogenization and further steps, but low temperature (40C) during handling
because of a high solvent evaporation rate. Leaf samples are left in a specific amount of DMF at 40C for 24
h, which is sufficient for chlorophyll (and carotenoids)
extraction from young and hydrated leaf tissue. The absorbance of the chlorophylls is then quantitatively determined by spectrophotometry at the wavelengths of
maximum Chl a and Chl b absorption (λ = 647 nm and
λ = 664 nm, Moran and Porath, 1980), while the actual content of photosynthetic pigments is calculated according to Wellburn’s formulas (1994). This procedure
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is based on the Lambert-Beer law on linear relationship
between absorbance and concentration of pigments
within a certain range. Pavlović et al. (2006) noted in
C. album and A. retroflexus plants a significant reduction in total chlorophyll content after atrazine application. The herbicide acted as a stress factor in the process of chlorophyll synthesis, stimulating decomposition.
Different amounts of atrazine applied to sensitive and
partially sensitive plants led to a statistically significant
decrease in chlorophyll content, as compared to control
plants. However, there was not a significant decrease in
plants that inherited D1 protein mutations. Similar results were obtained by Chodova et al. (1995) on Senecio vulgaris plants.
Methanol extraction is the simplest way to extract
chlorophyll. Comminuted plant material (about 0.5 g)
is added to methanol (5 ml). Chlorophyll absorption is
read at wavelengths λ=653 and λ=666 nm. The content of chlorophyll a and b, as well as total chlorophyll
content, are calculated by Lichtenthaler and Wellburn’s
formula (1983). Using methanol as a solvent, Pavlović
(2010) demonstrated the stressful effect of sulphosate
on chlorophyll contents of both cultivated plants and
weeds. All measured parameters (total chlorophyll, Chl
a and b) for G. max and Z. mays showed higher tendencies of decrease over time compared to the control. This
information is very important for designing integrated
weed control systems for various crops and for obtaining good crop yields.
Difficulties in comparing the results obtained by
different extraction techniques sometimes raise the
question of validity of research conclusions. A particular problem is posed by the fact that the amounts of
chlorophyll measured after extraction with various solvents are hard to compare because different formulae
are used for content calculation (Lichtenthaler, 1988).
The defined absorption coefficients in these formulae are based on measurements made with outdated
or imprecise spectophotometers that are still in use.
Therefore, the results obtained by different groups of
researchers may differ, even when using the same extraction solvents, and be incomparable for several reasons: (I) differences in spectrophotometer resolutions
in the range of red light wavelengths (II) the accuracy of readings of selected wavelengths, and (III) water
content in analyzed tissues (Jelić et al., 1992). Wellburn (1994) compared different Chl extraction techniques (extraction using 80% and 100% acetone, chloroform, diethyl ether, dimetyl formamide, dimethyl
sulphoxide and methanol) and stressed the importance
of interpreting the results and justified their compari30

son. It was shown that the measured concentration and
ratios of photosynthetic pigments derived by two sets
of equations were comparable when used with appropriate types of spectrophotometers but less so if inappropriate equations were used. The amount of extracted chlorophyll may provide information on the sensitivity of plants during cultivation and herbicide application, and even indicate the manner of phytotoxic activity of herbicides. This is how Nikolić et al. (2007 a,
b, c) monitored the phytotoxic effect of sulphosate on
maize plants. After herbicide application, symptoms
were observed on plants grown in containers of different volumes. They found the chl a content (extraction
with DMF) to be higher or the same in both treated
and control plants growing in pots (V-5L) (as early as
4 days after treatment). This led to a conclusion that
the volume of substrate, i.e. the state of plant roots,
significantly affected the scope of phytotoxic effects
of a herbicide. This was attributed to the fact that the
root is where the synthesis of cytokinins (phytohormones required for chlorophyll synthesis) takes place
(Nikolić, 2007).

3. CONCLUSION
The described biophysical methods, based on fluorescence and absorption of light re-emitted or released by
plant leaves, are good tools for monitoring the functional activity of photosynthetic apparatus and for quantification of chlorophyll. By monitoring these parameters, conclusions on plant health can be drawn, and fast
preliminary assessments made on the impact of various
environmental factors on plant health. Also, a variety
of studies on genetic variations important for plant resistance to stressful environmental factors can be performed. All described biophysical methods (based on
chlorophyll fluorescence and absorption of light) offer
a good choice for quick preliminary studies designed
to determine plants’ health and their resistance to environmental factors.
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Hlorofil kao merilo zdravlja biljaka:
agroekološki aspekti
REZIME

Kako je proces fotosinteze osnovni proces tokom kojeg se svetlosna energija apsorbuje i konvertuje u organsku materiju, ključni je značaj postojanja biljnog pigmenta hlorofila
(a i b forma) kao posrednika u transformaciji apsorbovane svetlosne energije i njegove aktivnosti u procesu fotosinteze i sinteze organskih materija kod biljaka. Stoga je u radu dat
pregled metoda za praćenje optičke aktivnosti molekula hlorofila, kao i metoda (nedestruktivnih i destruktivnih) kvantifikacije hlorofila u biljkama. Ove metode se primenjuju u proceni uticaja različitih stresnih faktora (abiotskih, biotskih i ksenobiotskih) na efikasnost fotosinteze i bioproduktivnost biljaka, sa ciljem procenjivanja uticaja koji ovi ograničavajući faktori
imaju na prinos useva. Takođe, pomenute metode za analizu optičke aktivnosti i/ili sadržaja hlorofila su odgovarajuće i za procenu reakcije korova na različite poljoprivredne prakse
(mineralna ishrana, primena herbicida i sl.) i ispitivanje različitih aspekata ekofiziologije korova i procenu njihovog uticaja na prinos useva.
Ključne reči: hlorofili, fotosinteza, zdravlje biljaka
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