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ACTIVITY OF THE COTTON PHOTOSYNTHETIC APPARATUS

© 2020 r. M. M. Khotamov"*, V. S. Agishev>**, and 1. G. Akhmedzhanov?***
! Institute of Genetics and Plant Experimental Biology, Uzbek Academy of Sciences, 111208 Yukoriyuz, Tashkent Region, Uzbekistan
2 [nstitute of Biophysics and Biochemistry, the National University of Uzbekistan, 100047 Tashkent, Uzbekistan
*e-mail: mansurhatamov@mail.ru
**e-mail:agishev_vlad@mail.ru
***e-mail: iskakhm@mail.ru
Received April 16, 2020; revised April 28, 2020; accepted May 11, 2020

The effect of infection with the Verticillium dahliae pathogen on the functional state of the photosynthetic appa-
ratus of leaves of the susceptible cotton variety S-4727 was studied by the method of chlorophyll fluorescence in-
duction. It was found that the leaves of infected plants reduced the content of chlorophylls @ and b and their ratio,
which is accompanied by changes in the fluorescence spectra and its kinetics, i.e. a significant increase in the
ratio of fluorescence intensities at 690 and 730 nm and a shift of the spectra by 10 nm to the short-wave region,
as well as a significant decrease in the parameter value (Fy; — F1)/Fy. Such drastic changes in the parameters of
induced chlorophyll fluorescence indicate that when cotton is infected with wilt, the native structure of chloro-
phyll — protein complexes is disrupted, which leads to a change in the energy migration between the forms of
chlorophyll itself and to a violation of the interaction of two pigment photosystems (FSI and FSII). The possi-
bility of using the revealed changes in the characteristics of the spectral-kinetic curves of fluorescence of leaves
of plants infected with the fungus V. dahliae as diagnostic indicators of the wilt resistance of cotton is discussed.
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INTRODUCTION

Among the numerous works carried out in the field
of phytoimmunity, a special place is occupied by re-
search on cotton wilt. Physiological and biochemical
studies of diseased plants showed that the infection of
the plant with Verticillium wilt pathogen fungus V. dah-
liae Kleb. has a significant effect on the processes of
energy metabolism in the plant cell, directly related to
photosynthesis, in the early stages of the disease
(Ibragimov, 1978).

In this case, changes in the amount and ratio of pig-
ments of the photosynthetic apparatus (PSA) occur
(Rubin et al., 1974; Akinshina et al., 2016). The re-
vealed changes in the content of photosynthetic pig-
ments can be associated with a destruction of their na-
tive complexes, which can lead to a change in the ener-
gy migration between the forms of chlorophyll itself
and to a disruption in the interaction of two pigment
photosystems (PS I and PS II). Considering that dis-
turbances of this kind should affect the characteristics
of the induced fluorescence of chlorophyll in the leaves
of diseased plants, conducting fluorescence studies can
provide valuable information on the state of PSA pig-
ment-protein complexes (Korneev, 2002). In addition,
a comparative study of the fluorescence of leaves of
sick and healthy plants, due to their high sensitivity,
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makes it possible to identify signs of the disease and re-
lated damage to the pigment apparatus in the early
stages of the development of the disease (Kshirsagar
et al., 2001; Mandal et al., 2009; Caldero’n et al., 2014;
Fang, Ramaraja, 2015; Babar et al., 2018; Aleynikov,
Mineev, 2019).

At present, when studying the activity of the photo-
synthetic apparatus of plants, the method of inducing
chlorophyll fluorescence is widely used (Zlatev, Yor-
danov, 2004; Pikulenko, Bulichev, 2007; Pascual et al.,
2010; Posudin et al., 2010; Caldero’n et al., 2014;
Ptuchenko et al., 2014; Martinez-Ferri et al., 2016;
Babar et al., 2018; Aleynikov, Mineev, 2019; Cristhian
et al., 2019), since chlorophyll located in photosyn-
thetic membranes serves as a kind of natural sensor of
the state of algae and higher plants cells in changing en-
vironmental conditions (Veselovsky, Veselova, 1990).
In this case, fluorimeters of various designs are used
(Agishev et al., 2002; Raimondi et al., 2009; Romanov
et al., 2010; Akhmedzhanov et al., 2013), which pro-
vide quick testing of plant resistance to adverse effects.

The aim of this work was to study the effect of arti-
ficial infection of plants with a phytopathogenic fungus —
the causative agent of Verticillium wilt on the state of
the photosynthetic apparatus of cotton, estimated by
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spectral-luminescent analysis and the content of green
pigments — chlorophylls a and 5.

MATERIALS AND METHODS

In the experiments, cotton plant of variety S-4727
(Gossypium hirsutum) was used, which was grown in
vegetation vessels on sterilized vermiculite enriched
with Belousov’s nutritious mixture (Zhurbitsky, 1968).
In a phase of 6—7 true leaves, cotton plants were in-
fected with a dosed inoculum of race-2 of the fungus
V. dahliae from the collection of plant pathogens of the
Institute of Genetics and Experimental Plant Biology
of the Academy of Sciences of Uzbekistan at a rate of
2.5 million spores/ml. Plants were used as control, into
the stems of which distilled water was introduced using
a capillary (Avazkhodjaev et al., 1995).

A monosporous culture of V. dahliae was grown for
8 days in test tubes on a solid Chapek medium of the
following composition: NaNO; — 3 g, KH,PO, — 1 g,
MgSO, — 0.5 g, KCI — 0.5 g, FeSO, — 0.01 g, sucrose —
30 g, agar-agar — 20 g per 1 liter of distilled water. Sow-
ing was carried out by the “injection” method on the
surface of an agar medium. As seed material, conidia or
microsclerosis of micromycetes were used separately,
as well as a mixture of these fungal structures. Then,
using a microbiological loop under sterile conditions,
part of the conidia was transferred to Petri dishes with
Chapek’s medium, where they were germinated in an
incubator at a temperature of 27°C in complete dark-
ness. A fungal spore suspension was prepared by shak-
ing 2 ml of sterile distilled water in a test tube with a
fungal culture of 10—15 days of age (Avazkhodjaev,
Zeltser, 1980). The density of fungal spores in suspen-
sion was calculated according to the method described
in (Israel et al., 1968). The suspension of conidia of the
fungus obtained in vitro, after calculating its density,
was diluted in the required concentration.

Plants were infected by injection of inoculum using
a triple injection with a syringe into the stem. The in-
oculum was released from the syringe as a drop of sus-
pension at the end of the needle. The needle was insert-
ed into the stem at an angle of 45°. A drop was absorbed
into the stem, and this gave visible confirmation of in-
oculation. The appearance of chlorosis on the lower
leaves of cotton, yellowing of tissues, and necrotization
of leaf blade sections indicated damage to infected
plants by the wilt (Avazkhodjaev, Zeltzer, 1980).

Content of chlorophyll ¢ and b was determined
spectrophotometrically (SQ-2800 UV-Vis, Cole Par-
mer Co, USA) using method (Vorobyov et al., 2013),
after a quick homogenization of a leaf cut, dried at
room temperature in a porcelain mortar and extraction
in 85% acetone solution in cold.

Induced fluorescence of chlorophyll of the control
(uninfected) leaves and infected with the pathogen of
Verticillium wilt plants was measured on 3, 5, 8 and
11 days after infection. The functional activity of the
photosynthetic apparatus (PSA) of assimilating cotton
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tissues was evaluated by indicators of chlorophyll fluo-
rescence induction (CFI) using a portable fluorimeter
(Akhmedzhanov et al., 2013): light source — LED,
450—470 nm; receiver — P-I-N photodiode; fluores-
cence kinetics recording time up to 10 min with a reso-
lution of 0.01 s. In this case the following ratio of pa-
rameters of the leaf fluorescence induction curve was
used: (Fyy — Fr)/Fy — degree of decrease in chloro-
phyll fluorescence intensity characterizing the integral
activity of the photosynthetic apparatus, where F,; —
maximum value of fluorescence induction, F; — sta-
tionary value of fluorescence after light adaptation of a
leaf (Posudin et al., 2010; Romanov et al., 2010;
Akhmedzhanov et al., 2013).

The fluorescence spectra of the leaves were mea-
sured on a Lidar installation (Agishev et al., 2002), the
main elemental base of which is: emitter — helium-ne-
on laser, wavelength of exciting light 632 nm, radiation
power 100 mW, light beam diameter 1 cm. Receiver —
Newton system telescope with 110 mm working mirror
diameter. Spectral selection of the signal was carried
out using the diffraction grating of the MUM mono-
chromator. The laser mode, monochromator spectrum
sweep, and the display of the results are programmed.
The intensity ratio Ig9/I730 Was used as a parameter
characterizing changes in the fluorescence spectra.
CFI was measured on the leaves of the middle tier in
plants 6—10.

RESULTS AND DISCUSSION

In the process of verticillosis of the leaves of the wilt
susceptible cotton variety S-4727 (Avazkhodjaev et al.,
1995) under the influence of toxic pathogen metabo-
lites, visible signs of a wilt disease on the leaves appear
on the 18—20 days after infection, resulting in the for-
mation of characteristic chlorosis, which has a pale
green coloring.

The appearance of chlorosis indicates that, as a re-
sult of exposure to the parasite, disturbances in the
photosynthetic apparatus occur, accompanied by
changes in the pigment systems of the infected plant
(Pavlovskaya et al., 1973). Regarding this, we conduct-
ed a comparative study of the content of chlorophyll a
and b in the leaves of infected plants, and in similar ar-
eas cut from the leaves of healthy plants.

Table 1 shows the results of study of chlorophyll a
and b in leaf tissues of healthy and infected with Verti-
cillium wilt pathogen. As expected, the content of chlo-
rophyll pigments in plants not affected by Verticillium
wilt was higher. In the tissues of infected plants, the
amount of chlorophyll a and b decreased by 17% com-
pared with the control in the absence of infection. In
this case, more significant changes were observed for
chlorophyll a that mainly determined sharp reduction
ratio of chlorophylls @ and 5 (21%).

Thus, the data in table indicate that the destruction
of the pigment apparatus of diseased leaves is expressed
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Table 1. The effect of infection with Verticillium wilt on the content of photosynthetic pigments in the leaves of cotton variety

S-4727

Pigments Uninfected plants Infected plants % of healthy plants
Chlorophyll a, mg/g dry weight 2.69 £0.228 2.05%+0.246 76.2
Chlorophyll b, mg/g dry weight 1.17 £ 0.142 1.14 £ 0.161 97.4
The sum of chlorophylls @ and b, mg/g dry weight 3.86+0.372 3.19 £ 0.296 82.6
The ratio of chlorophyll a to chlorophyll b 2.29 1.81 79.0

Note. The confidence interval for the average values was at least 95% (P < 0.05).

in a decrease in the number of green pigments and in a
decrease in the ratio of chlorophyll a to chlorophyll 5.

The revealed changes in the content of green pig-
ments can be associated with a destruction of their na-
tive complexes, which can lead to a change in energy
migration between the forms of chlorophyll itself and to
a disruption in the interaction of two pigment photo-
systems (PS I and PS II ). Destructions of this kind
should be reflected in the characteristics of the induced
fluorescence of chlorophyll in the leaves of diseased
plants.

As expected, changes in the induction curves and
fluorescence spectra of cotton leaves of variety S-4727
occur upon infection with the pathogen of Verticillium
wilt. Thus, the parameter (Fy; — F1)/F), of the kinetic
fluorescence curves characterizing the processes oc-
curring in the electron-transport chain of PSA (Nest-
erenko, Sidko, 1993) undergoes significant changes af-
ter infection of plants with a wilt. The greatest change
in fluorescence kinetics parameter occurs at 8—11 days
after infection and by day 11, a decrease in the ratio
(Fy—Fr1)/Fy, calculated for induction curves mea-
sured at two wavelengths (690 and 730 nm) reaches al-
most 3 and 7 times, respectively (Fig. 1, A, B).

Figure 2, A shows the fluorescence spectra of leaves
of healthy and infected cotton plants of variety S-4727,
measured at room temperature. Results showed that at
day 3 after infection occurs a slight increase in the ratio
of I90/1739 compared with the control, on day 5 there is
a slight decrease in its value, then, from day 8, it rises
sharply and on day 11, the value I4,/1;;, becomes al-
most 2.5 times larger than on day 3. When this value of
the ratio Iggy/15, in healthy plants remained virtually
unchanged, slightly varying within measurement error
and throughout the period of measurement of fluores-
cence spectra (Fig. 3, A).

Changes in ratio Igo/1;, are defined, on the one
hand, by a significant increase in fluorescence intensi-
ty at 690 nm, which is apparently due to impairment of
the native structure of the electron-transport chain
(ETC) connecting photosystems I and II. The intro-
duction of pathogen metabolites into the membranes
of the host plant leads to the reduction of PS II, which
contributes to the waste of the energy of excited mole-
cules on luminescence. On the other hand, significant
contribution to the increase of the ratio I¢g,/1;3, makes
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a sharp decrease in the intensity of fluorescence in the
region of 730 nm, due likely to destruction of PS I
(maximum luminescence spectrum — 730 nm).

Figure 2, B shows the fluorescence spectra of S-
4727 cotton variety leaves, measured at liquid nitrogen
temperature (77 K). It is known that at such tempera-
tures, photosynthetic processes are completely
stopped, while the excitation energy is almost com-
pletely spent on fluorescence (Voronkov et al., 1976;
Veselovsky, Veselova, 1990). Another advantage of
measuring low-temperature fluorescence spectra is
that PS I practically does not fluoresce at room tem-
perature, and the quantum yield is very small (Vo-
ronkov et al., 1976). Thus, freezing leaves to liquid ni-
trogen temperature has a dramatic effect on the ratio of
the intensities of the maxima of the low-temperature
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Fig. 1. Changes in the characteristics of the induction
curves of chlorophyll fluorescence (Fy; — Ft)/Fy; depend-
ing on the time of infection of the cotton plant of variety
S-4727. Measurement at a wavelength of 690 nm (a) and
730 nm (b): 1 — healthy plants; 2 — plants infected with a
Verticillium wilt. The confidence interval for the average
values was at least 95% (P < 0.05).
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Fig. 2. Fluorescence spectra of cotton leaves of variety
S-4727 at room temperature (A) and 77 K (B). A1, BI —
control (days after the infecting lines): 3 days — (42, B2),
5 days — (43, B3), 8 days — (A4, B4), 11 days — (45, BS). On
the x-axis — wavelength, nm; on the y-axis — fluorescence in-
tensity, rel. units.

fluorescence spectra of the control sample Igg0/173,
whose value changes to the opposite (Fig. 3, B). On day
5 after infection of plants, the fluorescence intensity at
730 nm decreases due to a shift of the new wavelength
maximum of the spectrum to 725 nm, which leads to an
increase in the ratio Igyy/I;3, by almost 1.5 times com-
pared to the control. Even more significant shift ob-
served for the short-range maximum, which at day 11
after infection becomes fixed at about 680 nm, shifting
approximately 10 nm to the shorter wavelengths. In this
case, the low-temperature spectrum becomes similar
to the spectra measured at room temperature, in which
the intensity of the short-wave maximum is greater
than the intensity of the long-wave, which mainly de-
termines a significant, more than 4-fold increase in the
value of I¢g4/1,3, compared to its value on day 5 (Fig. 3, B).

According to the data of Voronkov et al. (1976), in
both I and II photosystems, the long-wavelength forms
MUKOJIOTHUA N ®PUTOIIATOJOTI A
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Fig. 3. Changes in spectral characteristics of the laser-in-
duced fluorescence of chlorophyll (LIFC) depending on
the time of infection of S-4727 cotton variety. a — room
temperature, B — liquid nitrogen temperature (77 K). 1 —
control, 2 — infected plants. The confidence interval for the
average values was at least 95% (P < 0.05).

of chlorophyll are most sensitive to Verticillium wilt,
although the pigments that determine fluorescence in
the short-wave region also change, but to a much lesser
extent. In this regard, the revealed changes in the low-
temperature fluorescence spectra of the leaves of in-
fected plants associated with a sharp decrease in the
fluorescence intensity in the long-wavelength region of
the spectrum are most likely due to the destruction of
long-wavelength forms of chlorophyll-protein com-
plexes (Korneev, 2002).

Many researchers (Pavlovskaya et al., 1973; Vo-
ronkov et al., 1976; Kshirsagar et al., 2001; Mandal et al.,
2009; Pascual et al., 2010; Akinshina et al., 2016;
Aleynikov, Mineev, 2019; Cristhian et al., 2019) note a
significant decrease in photosynthetic activity of plants
when they are affected by phytopathogenic organisms,
which may be associated with a decrease in the content
of photosynthetic pigments and a interruption of the
outflow of photosynthesis products due to PSA dam-
age. In this case, disturbances in the activity of PSA are
effectively recorded by the CFI method, the parame-
ters of which vary depending on the degree of damage
to the plant (Kshirsagar et al., 2001; Martinez-Ferri et al.,
2016; Yi Fang, Ramaraja, 2016, Babar et al., 2018).

Our results revealed that the infection of susceptible
cotton S-4727 variety with Verticillium wilt pathogen
reduced total chlorophyll content and the ratio of chlo-
rophyll a to chlorophyll  accompanied by changes in
fluorescence spectra and its kinetics, i.e. a significant
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increase in the ratio of fluorescence intensities at 690
and 730 nm and 10 nm shift of low-temperature spectra
toward shorter wavelengths, as well as a significant de-
crease in the parameter value (Fy; — F;)/Fy. Such
changes in parameters of spectral and induction fluo-
rescence curves of plant leaves can occur with signifi-
cant damages to the native structure of chlorophyll-
protein complexes and the interaction of two pigment
photosystems (PS I and PS II).

The obtained data generally correspond to the con-
clusions of a number of scientific articles on the disrup-
tions in the photosynthetic activity of various plants in-
fected with phytopathogenic organisms, recorded by
the IFC method (Kshirsagar et al., 2001; Mandal et al.,
2009; Caldero’n et al., 2014; Yi Fang, Ramaraja, 2015;
Babar et al., 2018; Aleynikov, Mineev, 2019). In this re-
gard, the revealed changes in the characteristics of the
spectral-kinetic fluorescence curves of leaves of plants
infected with the fungus V. dahliae suggest the possibil-
ity of their use as a diagnostic indicator of cotton’s wilt
resistance. However, to confirm this hypothesis, it is
necessary to carry out similar studies of fluorescence of
leaves of cotton genotypes contrasting in wilt resis-
tance.
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MeTtonom UHAYKLIMU hIyopeclieHIMN XJI0opoduiia UCCIeTOBaHO BIUSIHUAE 3apakeH sl BO30OYIUTEIeM BEPTH -
JUIE3HOTO BuuITa rpubom Verticillium dahliae Ha pyHKIIMOHAJIBHOE COCTOSTHIE (DOTOCMHTETUIECKOIO aIllia-
para JIMCTheB BOCIIPMMMYMBOTO copTa xjonyaTHuka C-4727. YcTaHOBJIEHO, YTO B JIUCThSIX 3apa>keHHbBIX pac-
TeHU CHUXAETCS colepxkaHue xjiopodwia @ U b ¥ UX OTHOLIEHUE, YTO COMPOBOXIAETCS M3MEHEHUSIMU
CcreKTpoB (JIyOPECUCHIIMU U €e KUHETUKU, T.€. 3HAYUTECIIbHBIM YBEJIMYEHEM OTHOIIIEHUS MHTEHCUBHOCTHU
dyopecueniiu ipu 690 1 730 HM ¥ CABUTOM CITeKTPOB Ha 10 HM B KOPOTKOBOJIHOBYIO 00J1aCTh, @ TAKXKE CYIIE-
CTBEHHBIM yMeHbllIeHueM 3HayeHus1 napametpa (Fy; — Fr)/Fy. Takue kapnuHaaibHble MU3MEHEHUs TapaMeTpoB
WHAYUMPOBaHHOM (hiryopeclueHINU XI0poduiiia CBUIETEIbCTBYIOT O TOM, UTO MPHU 3apaKeHUM XJIOTTYaTHUKA
BWJITOM IIPOUCXOIUT HApYIIEHUE HATUBHOM CTPYKTYPHI XJIOPODUILI-OEIKOBBIX KOMILIEKCOB, IIPUBOJSIIIEE K U3-
MEHEHHWIO MUTPAIlUM SHEPTruUu MexXay hopMaMu camMoro xJiopoduiuia U K HapylIeHUIO B3aUMOJEUCTBUS IBYX
nurMeHTHBIX otocuctem (PCI u OCII). Ob6cyxkmaeTcss BO3MOXHOCTb UCITOJIb30BaHUS BHISIBJIEHHBIX U3ME-
HEHUI1 XapaKTepPUCTUK CMIEKTPATIbHO-KUHETUYECKUX KPUBBIX (DIIyOpEeCLIeHIIMU TUCThEB paCTeHU, MHGOULIM -
poBaHHBIX rprboM V. dahliae B KauecTBe TMarHOCTUYECKMX TOKAa3aTeJieil BUITOYCTOMUYMBOCTH XJIOIMYAaTHUKA.

Karouesvie croea: BepTULMITIIE3HBINA BUIT, MHIYKIYS (hIyopecleHINN XJIopoduiia, GOTOCUMHTETUYECKUIA alT-
rmapar, XJIOITYaTHUK
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