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Abstract:  The laboratory experiments have been found that soaking seeds Galega orientalis L. (Fodder galega) in 
nanoaquacitrates solutions of Mn (10 and 20 mg/dm3), Mo (4 mg/dm3) and Mg (2 and 4 mg/dm3), has been lead to 
germination energy rise, while Mn (10 and 20 mg/dm3) and Mo (4 mg/dm3) concentrations has been influenced 
germinating ability. At the same time, the soaking seeds in solution of nanoaquacitrates Mn (20 mg/dm3) had the 
biggest stimulatory effect on the accumulation 7 daily sprouts mass (on 18%). It has been shown that soaking 
seeds in nanoparticles Mn and Mo solutions leads to the increase of catalase activities (especially under the 
influence of manganese) and peroxidase activities (under molybdenum influence). Applying the method of 
chlorophyll a fluorescence in the field and greenhouse experiments with Galega orientalis L. plants, artificial 
infected with phytoplasma Acholeplasma laidlawii var. granulum st. 118 the following changes in the 
photosynthetic apparatus has been indicated: reduction in the length of the light-antenna, blocking transport of 
electrons in plastoquinone pool PSII with reducing the pool of electron acceptors. It has also been indicated that 
photochemical activity resistance of the photosynthetic apparatus decreases while its stability increases, as result 
of described above effects the concentration of chlorophyll a and b in plants leaves decreases. The  
above-mentioned negative effects have been deactivated through foliar treatment of infected Galega orientalis L. 
plants with nanoaquacitrates solution Mo (4 mg/dm3) that allow increasing of photochemical resistance of 
photosynthetic apparatus as well as chlorophyll content in leaves. The foliar treatment with Mn (20 mg/dm3) 
solution of the infected plants, in compared with infected plants without treatment, resulted in more significant 
increase of Ki value (which correlate to the ribulose-1,5-bisphosphate carboxylase/oxygenase activity), which is 
explaining anti-mycoplasma effect of this solution. 
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Introduction 

The nanoparticles technology is an efficient and modern instrument, widely exploited 
in different fields of agricultural production, allowing minimization of chemical load on the 
environment [1-3]. The nanoaquachelates, due to their unique properties, are been used as 
agents with high antiseptic properties, insecticides for the effective control of pests for 
different crops, fungicides and effective fertilizers [2]. Some of them are widely applied as 
universal transporters and agents that are able to neutralize reactive oxygen compounds, 
including superoxide anion radical, hydroxyl radical, hydrogen peroxide. Nanoaquachelates 
may also be a cofactors of enzymes, participating in redox reactions [2, 3]. It should also be 
noted, that nanoparticles compared with salts of nutrients have a more prolonged effect. In 
agriculture much importance is given to development of different nanobiosensors and 
nanobases, which help to reduce natural resources use, with application such intellectual 
technologies for precise farming as satellite positioning, geographic information systems 
and remote sensing devices use that can remotely detect pathogens of crops, deficiency or 
excess of moisture, the level of nutrients in the soil and its pollution [2]. 

Moreover, an additional advantage of using nanoparticles is their environmental safety 
and economic feasibility [1-3]. It is known, that size of metal nanoparticles is less than  
100 nm. Complex compounds, which consist of complex agents (one or more metal 
nanoparticles) that have an electric charge and ligands (molecules of water) are called 
aquachelates. Through chelating of metal nanoparticles with water molecules, particles 
easily penetrate through the cell membrane, which creates conditions for their high activity. 
The peculiarity of the nanoaquachelates of nutrient metals is their high capacity to activate 
of physiological and biochemical processes in living organisms, due to their corpuscular, 
wave, quantum and other properties. In addition, they have high diffusion mobility, which 
also activates metabolism [1].  

Numerous studies are emphasizing the role of such antioxidant enzymes as catalase 
and peroxidase, the substrate of which is hydrogen peroxide that are markers reflecting the 
plant stress resistance ability [4-6]. Several researches had indicated correlation between 
activation of such enzymes, as alpha-amylase, beta-amylase, catalase, peroxidase and 
protease, involved in stimulating the processes of seed germination, plant growth and 
development [7]. It has been shown that activity of catalase, lipid peroxidation and 
chlorophyll concentrations were more sensitive to copper and zinc, than the growth 
processes [8]. 

Azooz et al. had investigated stimulating effect of optimal concentrations of copper, in 
particular 2 mmol, on biosynthesis of proline free amino acid and activity of antioxidant 
enzymes such as catalase, peroxidase and superoxidedismutase, ascorbateperoxidase that 
can serve as important components of the antioxidant protective mechanism against of 
phytotoxicity [9]. The impact of different light conditions on the activity of catalase and 
peroxidase in extracts of 8-days pea sprouts have been investigated, and the differences in 
enzyme activity between etiolated and green plants are marked [10]. It has been indicated 
that salt stress affects the increase of activity and the number of antioxidant enzymes in 
soybean tissue: catalase, ascorbateperoxidase, polyphenoloxidase, peroxidase, and higher-
proline, while zinc treatment reduced the effect of salt stress by increasing the integrity of 
roots cells membranes [11]. The negative correlation between the frequency of respiration 
and catalase activity in young leaves of barley plants has been indicated [12].  
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The increase of catalase activity (more than twice) as well as oligotrophic bacteria in 
the rhizosphere (by 94% compared to control) have been found after soaking seeds of 
chickpeas in a colloidal solution of molybdenum nanoparticles in a wide range of 
concentrations, that has great potential for agricultural use [3]. At the same time, 
application of nanoaquachelates is remained actual for preventing or stoppage the spread of 
diseases caused by phytopathogenic microorganisms [1, 2]. 

The phytopathogenic phytoplasmas damage crops and impose risk significant crop loss 
in case of mass lesion, which lead to significant crop loss. This pathogen has been included 
to the register of the most dangerous pathogens with high harmfulness [13, 14]. It is 
discovered, that pathogenic mycoplasma Acholeplasma laidlawii var. granulum st. 118, 
which causes pale-green dwarfism is the most damaging for photosynthetic apparatus of 
wheat [15]. At the same time, the state and activity of photosynthetic apparatus is one of the 
main conditions for forming of high productivity crops. The efficiency of plants 
photosynthetic apparatus functioning could be measured with modern non-invasive method 
of chlorophyll a fluorescence induction [16-22]. 

Therefore, investigation regulatory mechanisms that are the bases for its status and 
activity is the actuality for explore ways for optimization of production process. This 
remains actual for investigation of host-pathogen interactions. At the same time, the animal 
industry needs plant biomass of high quality, with high nutritional value, with balanced 
composition of proteins, fats, vitamins and minerals as well as other biologically active 
substances. The forage with such composition allows obtaining the high-quality meat and 
dairy products [23, 24].  

One of such valuable forage crops that meets above mentioned requirements is Fodder 
galega (Galega orientalis L.), whose advantage is high rate of vegetative growth and 
enhanced content protein - 149-183 g/kg, wet mass - 302-328 g/kg, dry mass -  
10.27-14.23 Mg/104 m2 - 54.6% as well as the fat, sugar, carotene and other biologically 
active substances and nutrition elements [24]. It have been found that during three mowing 
Galega orientalis plants provide about 10.98 Mg/104 m2 of dry biomass yield and N  
120 kg/104 m2 [25] or providing 40-70 Mg/104 m2 green biomass witch abounds to  
10.27-14.23 Mg/104 m2 dry biomass in a year, without application of pesticides and  
N-fertilizer [26]. Therefore, Galega orientalis L. have high productivity and a capacity to 
fix atmospheric nitrogen in range 200-453 kg/104 m2 [27]. However, pathogens of various 
origin are able to infected plants Galega orientalis L., especially in the first year of 
cultivation. In this case, the biomass yield and its quality are reduced [13]. The climate 
conditions and type of cultivation also affect development of diseases [27-29]. The 
investigations had demonstrated that the gray mould and plant wilting are developing better 
in pure sowing, than at mixed sowing with smooth bromegrass (Bromus inermis L.) [29]. 

Our work was aimed on investigation of influence of soaking seeds and foliage 
treatment solutions of nanoparticles of molybdenum, manganese and magnesium on 
germination energy, germinating ability, sprouts growth and activity of catalase and 
peroxidase, as well as photochemical activity and chlorophyll content in leaves of plants 
Galega orientalis L. in conditions of artificial lesion by pathogenic phytoplasma 
Acholeplasma laidlawii var. granulum st. 118. 
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Materials and methods 

The laboratory, greenhouse and field experiments have been performed with Galega 
orientalis L. plants. Twenty five seeds were taken for each if 3-fold repetition in Petri 
dishes in vitro, than soaked in different solutions of nanoaquacitrates Mo, Mn and Mg,  
(in laboratory experiments).  

The following scheme has been used for experiments: 1 - control (water); 2 - seed 
soaking in Mo (8 mg/dm3); 3 - Mo (4 mg/dm3); 4 - Mn (20 mg/dm3); 5 - Mn (10 mg/dm3);  
6 - Mg (4 mg/dm3); 7 - Mg (2 mg/dm3). 

Seeds germination energy and mass growth have been determined in 7-day sprouts of 
Fodder galega. 

The physiological effect, Ephy, has been calculated with formula: 
( )

100x o
phy

o

M M
E

M

−
= ⋅  

where: Mо - means mass of plant, grown in control; Mx - means plant mass or length after 
soaking (in experiment). The quantities obtained in this experiment, were analyzed 
considering its size and the effect, that could be either stimulatory - at Ephy > 0 or inhibitory 
(phytotoxic) - at phyE < 0. That effect is considered significant at ≥ 20%.  

After seeds soaking 3-4 days in solutions nanoaquacitrates solutions, the measurement 
of antioxidant enzymes activity (catalase (EC 1.11.1.6) and peroxidase (EC 1.11.1.7)) has 
been performed in sprouts tissues in each individual of wet mass sample. In order to 
measure their fermentative activity, 100-200 mg wet mass sample has been homogenized in 
mortar with distillate, placed in calibrated flask and filled with water up to 25 µm3 level.  

The homogenate has been filtered and 5 µm3 of it has been incubated for 6 hs with  
5 µm3 of 0.3% hydrogen peroxide solution, then 5 µm3 of 1.1 mol sulfuric acid has been 
added for the reaction termination. The undegraded peroxide titrated with 0.01 mol 
potassium permanganate KMnO4 to slightly pink color that stays for about 60 s:  
5H2O2 + 2KMnO4 + 3H2SO4 → K2SO4 + 2MnSO4 + 8H2O + 5O2. 

For enzymes inactivation, the control (blank) sample of homogenate has priory been 
warmed on a boiling water bath for 300 s, then filled with 5 µm3 0.3% solution of hydrogen 
peroxide, and 1.1 mol sulfuric acid for termination of the incubation. The obtained solution 
had been titrated with potassium permanganate. The catalase activity, A, has been 
calculated with the formula: 

( ) 0.85K O E
A

T

− ⋅ ⋅=  

where: K - amount of KMnO4, has been used for titration in control (blank) sample [µm3]; 
O - amount of KMnO4, has been used for titration in experiment [µm3]; 0.85 - amount of 
H2O2 µm3, corresponding to 1 µm3 1.1 mol KMnO4; T - incubation time (600 s);  
E - dilution. The catalase activity (EC 1.11.1.6) that has been reflected in the amount of O2, 
generated in result of enzyme activity during 60 s from 1 g wet mass (µm3 O2 · g · 60 s–1). 
Nonspecific peroxidases (EC 1.11.1.7) activity has been investigated by Boyarkin’s method 
based on the measurement of benzidine (1,1’-biphenyl-4,4’-diamine) oxidation speed to the 
blue color resultant. The color change rate of work solution has been determined by optical 
density rate at FEC (λ = 670 nm). Peroxidase activity has been measured in relative units per 
wet mass - g–1 · s–1.  
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The plants of Galega orientalis L. have been grown in greenhouse and field conditions 
on research areas (area 70 m2) of Zabolotny Institute of Microbiology and Virology. 
Inoculation with pathogenic strain has been carried out in the phase of 2 true leaves. The 
pathogen of pale green dwarf wheat - A. laidlawii var. granulum st. 118 (UKM VM-34) 
have been received from the Ukrainian collection of microorganisms of Zabolotny Institute 
of Microbiology and Virology NANU (Ukraine). Artificial inoculation with agent has been 
performed using Clément’s method (subepidermic injection). In field experiments 9-daily 
Galega orientalis L. plants have been foliage treated with citrates of nanoaquachelates Mo, 
Mn and Mg with initial active nanoparticles concentrations of 800 mg/dm3, 2 g/dm3 and  
4 g/dm3 respectively. Nanoaquachelates of metals Mo, Mn and Mg have been received by 
erosive-explosive method. The “LLC Nanomaterials and Nanotechnologies” procreator. 
Field and greenhouse experiments have been performed applying the same scheme: 3 days 
past artificial infection with phytoplasma, the plants have been foliage treated with Mo, 
Mn, Mg nanoaquachelates solutions in different concentrations and under different 
conditions: Mo (8 mg/dm3), Mn (20 mg/dm3) Mg (4 mg/dm3) - in greenhouses and Mo  
(4 mg/dm3), Mn (10 mg/dm3), Mg (2 mg/dm3) - in field experiments. 

The general scheme of experiments: 1 - control (uninfected plant); 2 - the foliage 
treatment of uninfected Fodder galega plants with solutions containing 4 and  
8 mg Mo/dm3; 3 - the foliage treatment of uninfected Fodder galega plants with solutions 
which contain 10 and 20 mg Mn/dm3; 4 - the foliage treatment of uninfected Fodder galega 
plants with solutions containing 2 and 4 mg Mg/dm3; 5 - plants, artificially infected with  
A. laidlawii var. granulum st. 118 (without foliage treatment); 6 - plants, artificially 
infected with A. laidlawii var. granulum st. 118 with foliage treatment 4 and 8 mg Mo/dm3; 
7 - plants, artificially infected with A. laidlawii var. granulum st. 118 with foliage treatment 
10 and 20 mg Mn/dm3; 8 - the plants, artificially infected by A. laidlawii var. granulum  
st. 118 with foliage treatment 2 and 4 mg Mg/dm3.  

The pigments composition of Galega orientalis L. leaves in field experiments were 
measured through 2 weeks after treatment with nanoparticles with extraction method in 
DMSO with followed by spectrometry [30]. 

Photochemical activity of photosynthetic apparatus of leaves has been measured with 
biophysical method of chlorophyll a fluorescence induction using portable device 
«Floratest», which has been designed in Glushkov’s Institute of Cybernetics NASU 
(Ukraine). The device is equipped with a LCD display (128 · 64 pixels) and remote 
optoelectronic radiation sensor of 470 ±15 nm irradiation wavelength, area irradiation of 
light spot is not less than 15 mm2 and light within it not less than 2.4 W/m2. The spectral 
range of fluorescence measurements is within 670-800 nm. The «Floratest» software, 
provided with the device performs the measured data import via computer USB-port and 
displays the data in tabular or graphical form [15]. The chlorophyll a fluorescence induction 
method have been performed with 10 and 240-second’s measurements series on leaves of 
the upper tiers of Fodder galega on the 7th and 9th days after infection and on 9th and 11th 
days after treatment with nanoparticles respectively. The chlorophyll a fluorescence 
measurements have been quintuple repeated. The measurements have been performed on 
the leaves of upper tier. Before the CFI measurement, leaves (kept in darkness for 1200 s, 
covered with thick paper). 

From numerical data array, received by measurements for 10 and 240 seconds, the 
arithmetic mean values have been calculated and Kautsky’s curves have been built  
[16-22]. The critical parameters of curves have been analyzed: minimal fluorescence, Fo 
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[RU]; maximal fluorescence, Fp = Fm [RU] or fluorescence level with high intensity of 
flash applied (assuming, that all PSII antenna sites have been closed at the moment); the 
variable fluorescence has been calculated as Fv = Fm – Fo; the ratio of variable fluorescence 
to maximal fluorescence (Fv/Fm) - is a measure of the maximum quantum efficiency of PSII 
(when all PSII centers open); Kpl – QB - amount of non-renewable complexes that do not 
participate in the linear electron transport, has been calculated as Kpl = (Fpl – Fo)/(Fm – Fo); 
½ t - is half the time needed to reach the variable fluorescence; Ki - value is correlated with 
the intensity of ribulose-1,5-bisphosphate carboxylase/oxygenase activity (Rubisco), 
calculated as 

mtmi FFFK )( −=  [15-22, 31, 32]. 

The stability of the photosynthetic apparatus of Fodder galega plants under artificial 
infection and foliage nanoaquacitrates treatment has been determined as the relative 
difference in Fo and calculated as (Fo (7-day)/Fo (9-day)), while the sustainability of 
photochemical activity has been calculated as the quantum yield difference at 
photochemical energy conversion: (Fv (7-day)/Fv (9-day)). These parameters have also been 
used as indicators to evaluate stressful temperatures influence on photochemical apparatus 
[33].  

Statistical analysis have been performed with Statistica 8.0 and Excel applications use. 

Results 

It has been found in our investigations that nanoaquacitrate solutions influence on 
Fodder galega germination energy efficiency appears in following order: 10 mg Mn/dm3 > 
2 mg Mg/dm3 > 4 mg Mg/dm3 > 20 mg Mn/dm3 > 4 mg Mo/dm3. The germinating ability 
has been stimulated by soaking seeds in solutions of 4 mg Mo/dm3, 10 mg Mn/dm3 
concentrations in the greatest degree, while 20 mg Mn/dm3 - less (Table 1). The essential 
growth-stimulation effect on wet mass accumulation of 7-days sprouts has been induced 
with soaking seeds Galega orientalis L. in 20 mg Mn/dm3 nanoaquacitrate solution. At the 
same time, weak gain in wet mass of sprouts have been observed at seed soaking with  
2 and 4 mg Mg/dm3 solutions (Table 1). 

 
Table 1  

Soaking seeds Galega orientalis L. with different nanoaquacitrates concentrations influence on germination 
energy, germinating ability and accumulation of wet mass 

Sample of seeds 
soaking 

Germination energy [%] to control Germinating 
ability Ephym

* 
1 day 2 day 3 day 

Mo (8 mg/dm3) 88 91 91 93 1 normal 
Mo (4 mg/dm3) 104 117 117 124 3 normal 
Mn (20 mg/dm3) 113 117 121 106 18 significant stimulation 
Mn (10 mg/dm3) 133 143 147 115 7 tendency to stimulation 
Mg (4 mg/dm3) 117 121 121 97 10 weak stimulation 
Mg (2 mg/dm3) 121 126 126 78 14 weak stimulation 

* - the physiological effect calculated from accumulation of wet mass  
 
The change of activity of enzymes - catalase (EC 1.11.1.6) and peroxidase (EC 

1.11.1.7) has been found in tissues of etiolated Fodder galega sprouts as a results seeds 
soaking in nanoaquacitrates solutions. The change of catalase activity has been observed in 
tissues three - four day sprouts Galega orientalis L. in following order: 20 mg Mn/dm3 >  
4 mg Mo/dm3 > 10 mg Mn/dm3 > 8 mg Mo/dm3 > 2 mg Mg/dm3 > 4 mg Mg/dm3 (Fig.1а). 
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The peroxidase activity in tissues of sprouts has increased only in result of seed 
soaking in 10 mg Mn/dm3 and 4 mg Mo/dm3 nanoaquacitrates solutions concentrations, 
while remaining on peroxidase activity the control level at concentrations of 4 mg Mg/dm3 
and 20 mg Mn/dm3, and decreasing at concentrations 2 mg Mg/dm3 and 4 mg Mo/dm3  
(see. Fig. 1b). 

 

 

 
Fig. 1. The influence of soaking seeds in Mo, Mn, Mg nanoaquacitrate solutions on: a) catalase and  

b) peroxidase activities in tissue of 3-4-day Fodder galega sprouts (Variants: 1 - Control; 2 - Mo 
(8 mg/dm3); 3 - Mo (4 mg/dm3); 4 - Mn (20 mg/dm3); 5 - Mn (10 mg/dm3); 6 - Mg (4 mg/dm3);  
7 - Mg (2 mg/dm3)) 

Interestingly, that seeds soaking in Mn solution (20 mg/dm3) has stimulated 
germination energy increase by 21% and germinating ability increase by 6% (see Table 1), 
while the highest catalase activity in tissues - 22,16 µm3 O2·g
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1,36 µm3 O2·g
–1 ·60 s–1 in control has been observed of 3-4-day and highest intensity of wet 

mass accumulation after 7 days, and finally highest simulative effect for wet mass 
accumulation (18%) has been indicated in case of seeds soaking Mn solution (20 mg/dm3).  

17 and 47% increase of germination energy has been observed on the third day of 
soaking seeds in Mo (4 mg/dm3) and Mn (10 mg/dm3) solutions correspondingly, while 
correspondingly 24 and 15% germinating ability increase have been sown and on the fourth 
day. Besides that, the high level of catalase activity - 16,89 µm3 O2 · g–1 · 60 s–1 and  
16.21 µm3 O2 · g

–1 · 60 s–1 has been indicated in tissues of sprouts as well as the tendency for 
peroxidase activity increase (by 7 and 7.4% respectively), although no significant 
simulative effect on of wet mass growth has been observed at seeds soaking in mentioned 
above concentrations. 

The germination energy has increased by 21 and 26% in result seed soaking in  
2 and 4 mg Mg/dm3 solutions respectively while accumulation of wet mass has increased 
slightly. Catalase activity in sprouts tissues increased (by a factor of 1.5 and 1.7 
respectively) in result of seeds soaking in solutions of mentioned above aquananoparticles 
concentrations, which is not as significant as it was in result other solutions application.  

Certainly, the stimulating effect of divalent cations could be foreseen since divalent 
cations, magnesium and manganese in particular, influence the phosphorylation reaction, 
activating enzymatic activity.  

Critical parameters of fluorescence have been found from Kautsky’s curves, basing on 
CFI method measurement data (Fig. 2). 

 

 
Fig. 2. Kautsky’s curve for Fodder galega leaves (after been kept in darkness for 1200 s), RU - relative 

units 

The CFI method investigations of artificially infected Fodder galega leaves 
photochemical activity have shown an increase of minimal fluorescence and decrease of the 
maximum quantum efficiency of PSII (or efficiency of photochemistry PSII, calculated as 
(Fv /Fm)) and reduction of the time to reach half of the variable fluorescence in photosintetic 
apparatus of leaves (Fig. 3 а, b, d) after 9-days after infection. The minimal fluorescence 
(Fo) increase has been observed in the leaves of phytoplasma infected plants (Fig. 3a) and 
detected on the initial stage of illumination, when all the antenna centers are open and max 
of excitation energy reach of the antenna complexes. Fo increase indicates reduction of 
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active chlorophyll, connected to pigment-protein centers and participates in assimilation of 
quanta energy of light [16-22].  

Mo (4 mg/dm3) and Mn (10 mg/dm3) solutions foliage treatment has resulted in 
reduction of minimal fluorescence in infected plants leaves which indicates stabilization of 
light-harvesting complex (or antenna complex). Generally, the photochemistry`s quantum 
efficiency PSII (Fv/Fm) has been reduced in the infected of Fodder galega leaves by ninth 
day, though foliage treatment with Mo (4 mg/dm3) solutions has been the most effective 
and Fv/Fm value increased compared to control upward (Fig. 3b). 

 

 

 
Fig. 3. Changes of chlorophyll a fluorescence parameters in the fast phase of fluorescence: a) - Fo,  

b) Fv / Fm, c) Kpl, d) ½ t  in leaves Fodder galega artificially infected by A. laidlawii var. granulum 
st. 118 with following foliage treatment by nanoaquacitrate solutions in 7-9 days after infection 
(field conditions). (Variants: 1 - Control; 2 - Phytoplasma; 3 - Phytoplasma + Mo  
(4 mg/dm3); 4 - Phytoplasma + Mn (10 mg/dm3); 5 - Phytoplasma + Mg (2 mg/dm3)) 

It has been detected that Kpl value indicating the amount of non-renewable  
QB - complexes and not participating in linear electron transmission in electron transport 
chain has increased on seventh day after infection (Fig. 3c). However, Kpl, decrease has 
been observed on the ninth day while this value decrease in result of at nanoaquacitrate 
foliage treatment compared to control. It has also been observed that the foliage treatment 
with nanoaquacitrate solutions of artificially infected Fodder galega leaves causes tendency 
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to Kpl further increase, which has very likely been regulatory (Fig. 3c). The time to reach 
half of the variable fluorescence (½ t) in infected leaves of plants has reduced, which 
indicates a reduction of the pool of electron acceptors, but in 7 days after foliage treatment 
with nanoaquacitrates solutions of molybdenum (4 mg/dm3) and manganese (10 mg/dm3) 
this value has significantly increased (Fig. 3d). Consequently, on the 9th day after foliage 
treatment with magnesium nanoaquacitrate (2 mg/dm3) ½ t - value has increased while after 
molybdenum treatment this value has remained at the level of infected leaves without 
treatment. 

 

 

 
Fig. 4. a) Stability of light-harvesting complexes - Fo (7-day)/Fo (9-day) and b) sustainability of 

photochemical activity - Fv (7-day)/Fv (9-day) of upper tier leaves Fodder galega plants with 
artificial infection A. laidlawii var. granulum st. 118 and foliage treatment with nanoaquacitrate 
solutions (Variants: 1 - Control; 2 - Phytoplasma; 3 - Phytoplasma + Mo (4 mg/dm3);  
4 - Phytoplasma + Mn (10 mg/dm3); 5 - Phytoplasma + Mg (2 mg/dm3) (in field conditions)) 

In 7 to 9 days after Fodder galega leaves have been infected with phytoplasma of the 
tendency for the increase of light-harvesting complexes stability (Fig. 4a) has been 
indicated, which may identify suppression of new chlorophyll’s molecules synthesis or 
their destruction. The light-harvesting complexes stability (LHC stability) increases after 
Mn (10 mg/dm3) and Mg (2 mg/dm3) solutions foliage treatment of infected plants, while 
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after Mo (4 mg/dm3) treatment it has alternatively been reduced (Fig. 4a). Such impact of 
nanoparticles could be associated with activation of wet mass accumulation; similar impact 
has been indicated for sprouts after soaking seeds in these solutions (Table 1), it also could 
be associated to inhibition of pathogens. Beside the impact on LHC stability, decrease of 
sustainability of photochemical activity in infected plants has been indicated during seventh 
to ninth day from the beginning of infection (Fig. 4b). 

 

 

 
Fig. 5. a) Kautsky’s curve and b) value of CFI parametr Ki in slow phase of fluorescence for Fodder 

galega leaves after artificial infection with A. laidlawii var. granulum st. 118 and foliage 
treatment with nanoaquacitrates solutions (greenhouse culture) (the dark-adapted state of 
photosynthetic systems (1200 s) (Variants: 1 - Control; 2 - Phytoplasma; 3 - Mo (8 mg/dm3);  
4 - Phytoplasma + Mo (8 mg/dm3); 5 - Mn (20 mg/dm3); 6 - Phytoplasma + Mn (20 mg/dm3);  
7 - Mg (4 mg/dm3); 8 - Phytoplasma + Mg (4 mg/dm3)) 
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Further treatment with nanoaquacitrates of manganese and magnesium has reduced this 
value, but molybdenum foliage treatment has created tendency to its growth. It is possible, 
that these changes would become more substantial over the period longer then the period of 
our experiment, at same time, considering all the data collected, including the quantum 
efficiency of photochemistry PSII increase, the most outstanding effect of all identified in 
present investigation has been observed after foliage treatment of nanoaquacitrate Mo  
(4 mg/dm3) infected Fodder galega.  

Therefore, analyzing the “rapid” or “light” fluorescence phase, we can conclude that 
the most effective of all identified in present investigation is foliage treatment of infected 
Fodder galega plants with Mo (4 mg/dm3) nanoparticles concentration, since this 
concentration has contributed to the growth the quantum efficiency of photochemistry PSII 
(Fv/Fm) in photosynthetic apparatus of infected plants leaves. It has also been found, that 
efficiency of mention above molybdenum nanoparticles concentration could be explained 
by sensitivity of pathogen to the mentioned nanoparticles concentration. This conclusion 
has been proved by laboratory investigations of various concentrations of molybdenum 
nanoparticles impact on growth and reproduction of phytoplasma.  

The inhibition of pathogen growth has been observed under the influence of 
molybdenum nanoparticles at the concentration of 2 mg/dm3, while complete termination of 
growth has been indicated at concentration of 4 mg/dm3 mollicutes. However, the 
application of Mn nanoparticles in 10 mg/dm3 concentration, unlike molybdenum 
nanoparticles application, has not resulted in growth inhibition of Acholeplasma laidlawii 
var. granulum st. 118.  

In our investigation, the growth inhibition of this mollicute have been observed only at 
15 mg Mn/dm3 nanoparticles concentration. It is necessary to underline, that Mg 
nanoparticles solution of 2 and 4 mg/dm3 concentrations had no effect on the growth of 
pathogenic strain Acholeplasma laidlawii var. granulum st.118.  

Calculation of Ki value (reflects the ribulose-1,5-bisphosphate carboxylase/oxygenase 
activity (Rubisco)) in fluorescence slow phase of affected plants leaves has demonstrated 
the increase of this value vs. the healthy plants. Most likely, it is happening due to the 
regulatory changes in the pathogen impact on Fodder galega plants metabolism (Fig. 5,  
var. 2). In addition, a significant increase of Rubisco activity has been detected in line with 
reduction of photochemical quantum efficiency as well as the reduction of light-harvesting 
complex antennas in the leaves of infected plants. It could be associated with oxygenase 
activity of this enzyme and photorespiration process that is competitive to photosynthesis 
processes. The significant increase of this value has been indicated after foliage treatment 
of, Mg nanoparticles 4 mg/dm3 solution and after 20 Mn mg/dm3 solution treatment of 
infected plants (Fig. 5, var. 4, 8). 

However, foliage treatment of Fodder galega plants with higher concentrations of 
nanoparticles has induced significant growth of Ki value after Mg (4 mg/dm3) foliage 
treatment, and downward tendency after Mo (8 mg/dm3) treatment and inhibition after Mn 
(20 mg/dm3) treatment (Fig. 5, var. 7, 3, 5). The highest increase of Ki value (Fig. 5, var. 6) 
has been indicated in phytoplasma infected plants after Mn nanoparticles (20 mg/dm3) 
foliage treatment with while after Mo (8 mg/dm3) and Mg (4 mg/dm3) treatment this value 
has decreased compared to the control plants (Fig. 5, var. 4, 8). Such impact of 
nanoparticles on infected Fodder galega plants could be explained by following findings of 
our investigation: Mo of 8 mg/dm3 concentration inhibits the phytopathogens growth of, 
while demonstrating phytotoxic effect on the plants themselves; Mn of 20 mg/dm3 
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concentration - give stimulates the grows of wet mass and inhibits growth of 
phytopathogens; Mg of 4 mg/dm3 concentration positively affects the photosynthetic 
apparatus, without inhibiting the growth of pathogenic phytoplasma. The investigations of 
nanoaquacitrate foliage treatment have demonstrated that Mg (4 mg/dm3) solution is the 
most effectively stimulator for the growth of chlorophyll a content the plants after 
infection, while in case of the intact plants the higher concentration solutions could by 
places in the following order according to their efficiency level: Mg (4 mg/dm3) > Mn  
(20 mg/dm3) > Mo (8 mg/dm3) (Table 2). 

 
Table 2 

Photosynthetic pigments content in leaves of Fodder galega plants after artificial infection with phytoplasma and 
at foliage treatment of nanoaquacitrates solutions 

Treatment 
Photosynthetic pigments [mg/g w.m.] 

Chl. a Chl. b Chl. (a+b) Carotenoids 
Fodder galega (greenhouses) 

Untreated Control 1.59 ±0.07 1.08 ±0.05 2.67 ±0.13 0.26 ±0.01 
phytoplasma* 1.69 ±0.08 0.97 ±0.04 2.69 ±0.13 0.11 ±0.01 

Mg (4 mg/dm3)**  1.84 ±0.09 1.42 ±0.07 3.27 ±0.16 0.20 ±0.01 
Mn (20 mg/dm3)**  1.78 ±0.08 1.10 ±0.05 2.88 ±0.14 0.45±0.02 
Mo (8 mg/dm3)**  1.68 ±0.08 1.05 ±0.04 2.74 ±0.14 0.50 ±0.03 

phytoplasma*+Mg (4 mg/dm3)**  1.81 ±0.09 1.17 ±0.05 2.99 ±0.14 0.41 ±0.02 
phytoplasma*+Mn (20 mg/dm3)**  1.30 ±0.06 1.17 ±0.05 2.47 ±0.12 0.21 ±0.01 
phytoplasma*+Mo (8 mg/dm3)**  1.00 ±0.05 1.08 ±0.05 2.07 ±0.10 0.11 ±0.01 

w.m. - wet mass; * - artificial infection with phytoplasma; **  - leaves of Fodder galega plants, which foliage treated 
with nanoaquacitrates solutions 

 
In intact plants, foliage treatment with nanoaquacitrate Mo (8 mg/dm3) has the greatest 

influence on the content of carotenoids, that are protecting photosynthetic apparatus from 
photooxidation, whereas foliage treatment by nanoaquacitrate Mg (4 mg/dm3) was the most 
effective for the content of carotenoids in leaves infected with Acholeplasma laidlawii var. 
granulum st. 118. 

The chlorophyll content has been reduced after foliage treatment of infected plants 
with Mo (8 mg/dm3) solution, which indicates phytotoxic effect of the nanoparticles 
concentrations on plants. 

Conclusions 

The positive effects of foliage treatment with nanoaquacitrate solutions concentrations 
(Mo (4 mg/dm3) and Mn (20 mg/dm3) on photochemical activity PSII of Fodder galega 
plants infected with Acholeplasma laidlawii var. granulum st. 118 has been shown in our 
investigation. 

It has also been shown that molybdenum and manganese nanoparticles give positive 
influence on plants metabolism, particularly activating the germination energy by 17 and 
21% correspondingly, as well as germinating ability by 24 and 6% accordingly.  

The investigations has showed stimulating effect on accumulation of wet sprouts mass 
after seed soaking on Fodder galega in nanoaquacitrates solutions, particularly after 
treatment with manganese nanoparticles the wet mass growth has been increased by 18% 
and the level of catalase activity has significantly increases while peroxidase of activity has 
increased the most under the influence of molybdenum nanoparticles. 
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Application of chlorophyll a fluorescence method has revealed the following negative 
effects on photosynthetic apparatus of Galega orientalis L. leaves after artificial infection 
with phytoplasma Acholeplasma laidlawii var. granulum st. 118: degradation of pigment-
protein complexes and the reduction of light-harvesting complexes (or antenna complex of 
PSII), reduction of electron acceptors pool, reduction of quantum efficiency of 
photochemical activity PSII. These effects are reflecting the decrease of photosynthesis 
potential intensity. Additionally, it has been detected, that foliar treatment of infected plants 
Galega orientalis L. with nanoaquacitrates solutions Mo (4 mg/dm3) allowed to keep the 
quantum efficiency of photochemical activity PSII on level of control plants and above. 
This could be explained by the following effect, detected by investigation, that after foliar 
treatment of Mo nanoaquacitrates solutions the growth of Acholeplasma laidlawii var. 
granulum st. 118 has been inhibited, as well as enzymatic activity of plant tissues has been 
increased.  

It has also been found, that increase of light-harvesting complexes stability indicator 
together with the decrease of photochemical activity sustainability indicator PSII of Galega 
orientalis L. leaves after 7- to 9-days after infection with phytoplasma, has been correlated 
with of chlorophyll concentration decrease in leaves.  

It has been demonstrated, that foliage treatment with 20 mg/dm3 Mn solution applied 
on infected Galega orientalis L. leads to significant increase the Ki value (Rubisco 
activity), which could been explained by antimycoplasma activity of this solution 
concentration, as well as by the impact of these particles on plant tissues enzymatic activity. 
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