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Abstract

Background
Turf surface is a dominant element of green areas located within rural buildings or in cities. In recent years, mainly lawn varieties of grasses
have been used to plant green areas, but microclover (Trifolium repens L.) has been increasingly popular. In addition, microclover can be
effective in reducing irrigation costs. Drought is one of the main factors inhibiting the growth and development of plants. In modern
agriculture some bacteria are used to promote plant growth and development ie. Plant growth promoting rhizobacteria (PGPR) increase
systemic resistance of plants to biotic and abiotic stress. Chlorophyll fluorescence is used to measure the physiological condition and stress
level of plants. Fluorescence analysis at O-J-I-P points (OJIP test) is a method used for the examination of plant vitality.

Results
The presence of microclover in the mixture contributed to the improvement of many chlorophyll a fluorescence parameters of Lolium
perenne. Statistically, the maximum fluorescence (Fm), the maximum photochemical efficiency of PSII (Fv/Fm), and the maximum water-
splitting efficiency on the donor side of PSII (Fv/Fo) increased significantly. The number of active reaction centers also increased, which
translated into better energy flux absorbed by one reaction center (ABS/RC). In addition, there were upward tendencies of such parameters as
the area above the induction curve (Area) and the density of reaction centers (RC/CSo). The use of Plant Growth Promoting Bacteria
increased the maximum chlorophyll a fluorescence (Fm), the area above the induction curve (Area), and the density of reaction centers
(RC/CSo).

Conclusion
Due to the above effects, microclover can be recommended to be used in lawn mixtures. The positive effect of the plant-promoting PGPB
microbial vaccine on the Lolium perenne lawn variety suggests that more studies should be conducted on other plant species subjected to
other kinds of abiotic stress. Growing plants exposed to drought stress with the substrate moisture level of 40% FWC did not affect the
photosynthesis process. The parameter most sensitive to low substrate moisture was the rate of electron transport through one active
reaction center (ETo/RC). Therefore, the ETo/RC parameter should be recommended for further research on drought stress.

Background
Drought is one of the main factors inhibiting the growth and development of plants [1]. Despite numerous studies on its mechanism, drought
stress impact on plants is relevant as a topic and still frequently discussed [2-7]. A lack of soil moisture significantly inhibits photosynthesis,
preventing the effective use of light energy, which in effect is dissipated as fluorescence or heat; these changes occur before the plant shows
visible signs of turgor loss. That is why to  measure drought stress, methods of chlorophyll a fluorescence determination have been used [8]. 

In modern agriculture some bacteria are used to promote plant growth and development. According to Furtak [9], the effects of using PGPB
(plant growth-promoting bacteria) containing Bacillus spp. bacteria include greater resistance to long-term stress, accelerated seed
germination, and the improved growth and extent of the root system. Furthermore, Consentino et al. [10] argue that PGPB are among the
effective products reducing the use of mineral fertilizers. Those bacteria stimulate plant growth by producing various biologically active
substances, such as phytohormones (IAA, gibberellins and cytokinins) and enzymes (ACC deaminase). Some of their enzymes are involved in
biomass breakdown (cellulase, ligninase, and chitinase), in fixing atmospheric nitrogen (nitrogenase), and dissolving forms of phosphorus
unavailable to plants [11, 12]. Bacillus bacteria are also included into the PGPR (plant growth promoting rhizobacteria) group, not only
because they positively affect plant growth by producing hormones, but also because they increase the content of available nutrients in the
soil and produce 1-aminocyclopropane-1-carboxylate deaminase to reduce ethylene concentration in plant tissues [13]. PGPR increase
systemic resistance of plants to biotic and abiotic stress [14]. Bacillus strains are ubiquitous and can survive biotic and abiotic stress for long
periods of time, forming spores in vivo. Some species of Bacillus have been successfully used as safe biological fertilizers and pesticides,
due to their high survivability and as the most prominent rhizobacteria [15].

Chlorophyll fluorescence is used to measure the physiological condition and stress level of plants. Fluorescence analysis at O-J-I-P points
(OJIP test) is a method used for the examination of plant vitality [16]. Developed by Strasser et al. [16], the test is applied to analyze
photosynthetic apparatus condition during specific types of stress. It is used to determine the impact of stress on specific factors affecting
the absorption of light and its conversion into biochemical energy. During the test, within the first second of illumination of the plant sample,
previously kept in the dark, chlorophyll a fluorescence increases from the initial value (Fo) to the maximum (Fm) one [17, 18]. The results of
the test, presented as a curve on a logarithmic scale, allow determining changes in the flow of excited electrons through the photosynthetic
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apparatus. The O step in the curve represents an increase in chlorophyll a fluorescence emission from the initial level and reflects the gradual
accumulation of QA, i.e. the primary quinone electron acceptor of Photosystem II (PSII) in its reduced form. The O–J phase of the curve
represents the reduction of the acceptor side of PSII [2]. The J–I phase represents the process of the reduction of the plastoquinone (PQ)
pool. The I-P phase, on the other hand, is the slowest and involves the transfer of electrons through Photosystem I (PSI) and is attributed to
the reduction of the acceptor side of PSI [19]. 

The chlorophyll fluorescence induction curve and the maximum photochemical yield (Fv/Fm) are used as leading parameters detecting
stress of various origins, affecting PSII [20, 21]. Another parameter is the maximum water-splitting efficiency (Fv/Fo), which, unlike Fv/Fm, is
not an indicator of carbon assimilation but allows for faster detection of stress in the plant. In addition, the Fv/Fo ratio is used to calculate
OJIP parameters. These parameters describe the energy fluxes inside and around the reaction center (RC) of PSII, i.e., specific energy fluxes
per active reaction center (RC) and phenomenological energy fluxes per excited cross section (CS) of the sample [4, 22]. According to Olsen
et al. [21], the absorption components (ABS/RC – energy absorbed per reaction center), trapped energy (TRo/RC – trapped energy flux per
reaction center), and electron transport (ETo/RC- electron transport flux per reaction center) should be studied to analyze the location of
interference within the photosynthetic apparatus. Pollastrini et al. [23] found that chlorophyll a fluorescence parameters were useful for
analyzing plant responses to a variety of environmental stress factors and for phenotyping. According to Baker [24], drought stress can alter
the steps of the OJIP test and reduce the intensity of fluorescence at the JIP phase. In negative environmental conditions, on the basis of the
chlorophyll a fluorescence technique, it is possible to measure plant vigor, closely related to the functioning of PSII [25]. Additionally, the
impairment of the photosynthetic activity affects CO2 fixation [26]. 

Turf surface is a dominant element of green areas located within rural buildings or in cities. Promoting biodiversity, green areas used for
recreation play an underestimated role in the functioning of villages and cities. Additionally, as natural retention reservoirs they soak up
rainwater. However, because of low soil moisture or a lack of irrigation, green areas often fail to fulfill their aesthetic function. In the literature
there are reports on how drought can be mitigated by microbiological consortia and by using synthetic or natural water absorbents [27-30]. In
recent years, mainly lawn varieties of grasses have been used to plant green areas, but microclover (Trifolium repens L.) has been
increasingly popular. According to the literature, in a mixture with grass it fixes atmospheric nitrogen, introducing it to the soil through
mineralization, which has a positive effect on the functional and aesthetical value of the lawn [31]. In addition, according to the research by
Saeedipooya et al. [32], as a short plant, microclover can be effective in reducing irrigation costs.

The present paper examines the effect of PGPB and microclover on minimizing the current problem of drought and insufficient irrigation of
green areas. In the research, the following research hypotheses were proposed:

1. Microclover grown in lawn mixtures will have a positive effect on mitigating the effects of drought.

2. The PGPB bacterial strain will minimize drought stress in Lolium perenne grown with microclover and in pure stand. 

Material and methods
Plant growth conditions and experimental design

The pot experiment was conducted from the beginning of November 2023 to mid-January 2024 in a phytotron, ensuring constant growing
conditions. The air temperature in the light and dark-adapted stage was 22°C, with the light intensity of 200 μmol m−2 s−1 (obtained with high-
pressure sodium lamps) and the photoperiod of 16 h in light. The 1.5L pots were filled with soil, which, according to the Bouyoucos–
Casagrande aerometric method modified by Prószyński, was light clay [33]. 

The following plants were used in the experiment: Lolium perenne 2N lawn Boxer, seeds produced by the Granum Seed Company,
Wodzierady, Poland, as certified seed material; Trifolium repens L. (microclover) cv. Pipolina seeds purchased from Eco Deco, Kraków, Poland
as certified seed material. The seeds of Lolium perenne were sown into some pots, with the seeding rate of 36 g m-2 (Lp1). Other plots were
planted with Lolium perenne  (34.9 g m-2) together with microclover (1.1 g m-2), with the latter constituting a 3% share in the mixture (Lp2).
The above Lp1 and Lp2 plots were the main research factor. The second factor was drought stress, achieved by maintaining the soil moisture
levels of 40% FWC (Field Water Capacity), while  FWC in other pots was 60%. The third research factor was  the strain of Bacillus spp. N188
producing ACC deaminase – referred to as PGPB in this paper. PGPB were not applied to control pots. The experiment was conducted in four
replications. Combinations of experimental factors are presented in Table 1. 

Table 1 Methodological data
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Type of crop Field Water Capacity

40% FWC 60% FWC

Soil treatment

Control PGPB Control PGPB

Lp1

Lolium perenne100%

Lp1

40% FWC

Lp1

40%FWC/PGPB

Lp1

60% FWC

Lp1

60%FWC/PGPB

Lp2

Lolium perenne 97%

Microclover 3%

Lp2

40% FWC

Lp2

40%FWC/PGPB

Lp2

60% FWC

Lp2

60%FWC/PGPB

Microbiological material

When plants germinated, the Bacillus spp. strain producing ACC deaminase (PGPB) was applied to the soil with a pipette, in the amount of
5mL per pot. The N188 strain was isolated from the soil by the Institute of Technology and Life Sciences - National Research Institute in
Falenty (Poland). Approximately 100 bacterial strains were isolated from various soils, including both rhizosphere and bulk soil. Bacterial
colonies were selected and passaged until pure strains were obtained. Then the strains were inoculated, according to Patil et al. [34], onto
ACC minimal media with bromothymol blue (BTB). The N188 strain was selected, with phenol red as a marker, and grown at 30°C for 24
hours with shaking at 150 rpm in 5 mL of Lysogeny Broth (LB). Then, the strain was inoculated onto Dworkin and Foster medium amended
with 3 mM ACC (instead of (NH4)2SO4) as the sole nitrogen source [35,36]. After incubation, the bacterial culture was centrifuged at 6000 rpm
for 10 minutes. The resulting pellet was suspended in 1 ml of 0.1 M Tris-HCl buffer at pH 7.6, and then the process was continued according
to the method described by Penrose and Glick [36]. ACC deaminase activity was calculated by measuring alpha-ketobutyric acid formed by
the cleavage of ACC by the ACC deaminase enzyme. Then the selected bacterial strain was identified by sequencing the 16S rRNA gene. To
amplify the 16S rRNA genes, universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) were
used. The PCR (polymerase chain reaction) products were sequenced by the Sanger technique (NEXBIO, Lublin, Poland). The obtained
sequences were assembled to contig (BioEdit) and compared with the sequences from GenBank, EMBL (European Molecular Biology
Laboratory), using BLAST (the Basic Local Alignment Search Tool). The 16S rRNA gene sequences of the bacterial strain were deposited in
GenBank under accession number PP500625. 

Chlorophyll a fluorescence 

After the sample was adapted in the dark, measurements on flag leaf blades were made with the OS30p+ fluorometer (plant stress meter),
using a clip. Each measurement was preceded by 30 minutes of adaptation in the dark. Then OJIP measurements were made. As a result of
the OJIP test measurement, the chlorophyll a fluorescence parameters presented in Table 2 were obtained.

Table 2 The description of fluorescence parameters (in relative value)
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The data obtained in the OJIP test and other parameters calculated 

Abbreviation Description

O Fluorescence at 20 μs

K Fluorescence at 300 μs

J Fluorescence at 2 ms

I Fluorescence at 30 ms

P = Fm Fluorescence at 3s (with maximum fluorescence measured)

Fo Minimum fluorescence

Fv/Fm Maximum photochemical efficiency of PSII

Fv/Fo Maximum water-splitting efficiency on the donor side of PSII

Area The area between the OJIP curve and Fm 

ABS/RC Energy absorbed by one active reaction center

TRo/RC Energy flux trapped by one active reaction center (RC)

ETo/RC Electron transport flux per one active reaction center (RC)

DIo/CS Thermal dissipation of excitation energy by PSII of a photosynthetic sample

ETo/CSo Electron transport flux per cross section (CS) of a sample

RC/CSo Density of reaction centers (QA reducing PSII reaction centers)

Statistics

The results of the research were processed using the Statistica 13 program (TIBCO Soft-ware Inc., PaloAlto, CA, USA). The data were
analyzed at the significance level of p<0.05. The differences between means were assessed with ANOVA and Tukey’s HSD test (Honest
Significant Difference). In the tables the significance of the differences between means is indicated by lowercase and uppercase letters.

Results and discussion
Chlorophyll a fluorescence induction curve (OJIP curve)

Chlorophyll a fluorescence induction curves presented in Figure 1 illustrate the plants’ physiological condition for each experimental unit.
 The lowest chlorophyll a fluorescence was recorded in control Lolium perenne grown in pure stand (Lp1) on the soil with 60% moisture. 

On the other hand, the highest values were noted for the grass grown in a mixture with microclover (Lp2) on the soil with the 60% moisture.
The fact that curves for Lolium perenne grown together with microclover on the soil with 60% moisture (Lp2/60%) were higher than the others
might be attributed to the presence of the legume plant in the mixture. Due to its ability to fix atmospheric nitrogen, microclover introduced its
additional amount into the soil. In effect plants in the mixture were nourished better and chlorophyll a fluorescence reached greater values.
Similarly, Kalaji et al. [37] confirmed that the supply of plants with nitrogen resulted in an increase in fluorescence.

The induction curve of Lolium perenne grown in pots with 40% FWC did not change so dynamically. However, there were clear differences
between the Lp1 and Lp2 curves, with the latter reaching greater values than the former, both for 40% WFC and 60% WFC. The absence of a
distinct K-point on all chlorophyll fluorescence induction curves indicated that the photosynthesis process of plants grown on both 40 and
60% FWC soil was not disturbed. According to the literature, the K-peak can be used as a potential indicator of physiological instability under
drought stress even before the appearance of visible signs on plants [5,  18]. The K-point on the chlorophyll a fluorescence curve is caused by
the inactivation of the oxygen-releasing complex or by the inhibition of electron transport on the donor and acceptor side of PSII [18]. The
multivariate analysis of variance showed no statistically significant effect of either FWC or PGPB or their interaction on chlorophyll
fluorescence (Table 3). On the other hand, the effects of the crop type and its interaction with PGPB or FWC were statistically significant.
Similarly, statistically significant differences were also noted in the triple interaction of all factors on the O-J fragment of the induction curve. 

Table 3 Chlorophyll fluorescence assessed by  the OJIP test
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  Crop type FWC PGPB Crop type x PGPB %FWC x

PGPB

Crop type x %FWC Crop type x PGPB 

x %FWC

O 44.25* ns ns 74.17* ns 88.50* 89.00*

K 59.75* ns ns 91.16* ns 113.17* 112.67*

J 78.17* ns ns 117.34* ns 87.00* 147.34*

I 165.88* ns ns 221.97* ns 267.33* ns

P 193.12* ns ns ns ns 312.13* ns

HSD values from three-way analysis of variance for the effects of crop type, i.e. Lp1 and Lp2; field water capacity (FWC) i.e. 40% and 60%;
treatment, i.e. control and PGPB on OJIP parameters. *p≤0.05; ns p>0.05 

The results indicated that the application of PGPB significantly increased chlorophyll a fluorescence both for plants grown in Lp1 and Lp2
pots, with Lp2 values being visibly greater (Figure 2a). Chlorophyll a fluorescence for Lp1 plants was greater when soil FWC was 40%, while in
Lp2 pots it was greater at 60% FWC (Fig. 2b). It can be assumed that optimal moisture content and the presence of microclover in the
mixture contributed to the intensification of the chlorophyll a fluorescence process. According to Digrado et al. [38], low soil moisture had a
small effect on PSII performance, but it increased the PSII sensitivity of Lolium perenne  to heat stress.

Chlorophyll a fluorescence parameters assessed by the OJIP test

Compared to control, PGPB increased the minimum fluorescence (Fo) to a large extent (Table 4). Additionally, a 9% increase in Fo indicated
an interaction between the type of crop and PGPB. The literature reports that plants react with a chlorophyll a fluorescence increase after the
application of plant supporting products [39, 40]. In the present experiment no significant differences were found between the minimum
fluorescence (Fo) values for Lolium perenne grown in pure stand and in the mixture. There was a slight difference between pots with different
FWC values, for non-irrigated pots this value was on average 1.6% greater. The Fo value was measured with plant receptors open in the dark-
adapted state. The measurements were taken in a faint red light so as not to excite the photosynthetic process. According to the literature,
greater values indicate lower efficiency of excitation energy transfer between pigment molecules in the PSII energy antenna [41]. On the other
hand, photoprotection or an increase in CO2 fixation can contribute to a Fo decrease. 

Table 4 Minimum chlorophyll a fluorescence of dark-adapted state (Fo)

Type of crop Moisture Soil treatment Mean

Control PGPB

Lp1 40% FWC 319.00±1.00Bb 389.33±8.08Aa 354.17A

60% FWC 308.33±5.51Bb 340.33±5.51Ba 324.33 A

Lp2 40% FWC 312.33±14.15Bb 342.33±5.69Ba 327.33 A

60% FWC 347.67±10.41Aa 344.00±3.61Ba 345.83 A

Mean for moisture

40% FWC 315.67Ab 365.83Aa 340.75 A

60% FWC 328.00Aa 340.17Aa 335.08 A

Mean for type of crop

Lp1 313.67From 364.83Aa 339.25A

Lp2 330.00Aa 343.17Aa 336.58A

Mean 321.83 b 354.00 a  

The means in columns marked with the same uppercase letters do not differ significantly. The means in lines marked with the same
lowercase letters do not differ significantly. Abbreviations: Lp1 – Lolium perenne in pure stand; LP2 - Lolium perenne in a mixture with
microclover; 40% FWC – 40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant Growth Promoting Bacteria  
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The maximum fluorescence values varied (Table 5). It was observed that Lolium perenne plants  growing with the leguminous plant (Lp2) had
a much greater Fm value than Lolium perenne in pure stand (Lp1). According to Kalaji et al. [37], even small doses of nitrogen increased Fm
in spring barley. Kalaji and Łoboda [42] stated that nitrogen reduction in relation to the control sample indicated the occurrence of stress, as a
result of which not all electron acceptors in PSII were completely reduced.   

Table 5 Maximum chlorophyll a fluorescence (Fm)

Type of crop Moisture Soil treatment Mean

Control PGPB

Lp1 40% FWC 991.33±240.58 Aa 1090.7±129,68 Aa 1041.0AB

60% FWC 902.33±241.47 Aa 916.00±135.52 Aa 909.17B

Lp2 40% FWC 1052.0±135.84 Aa 1178.0±175.45 Aa 1115.0AB

60% FWC 1207.0±113.85 Aa 1235.7±137.17 Aa 1221.0A

Mean for moisture

40% FWC 1021.7 Aa 1134.3 Aa 1078.0A

60% FWC 1054.7 Aa 1075.8 Aa 1065.3A

Mean for type of crop

Lp1 946.83 Aa 1003.3 Aa 975.08B

Lp2 1129.5 Aa 1206.8 Aa 1168.2A

Mean 1038.2a 1105.1a  

Means in columns marked with the same uppercase letters do not differ significantly. Means in lines marked with the same lowercase letters
do not differ significantly. Abbreviations: Lp1 – Lolium perenne in pure stand; LP2 - Lolium perenne in a mixture with microclover; 40% FWC –
40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant Growth Promoting Bacteria 

Wang et al. [43] observed that in a Bothriochloa ischaemum and Lespedeza davurica mixture, Fm increased with an increasing nitrogen dose.
In the present experiment there was no significant effect of substrate moisture on Fm. There was a slight tendency for the PGPB plants to
have a 6% greater Fm value compared to control. It is possible that there was an interaction between microclover plants and PGPB
Bacillus microorganisms, which increased the Fm value in Lolium perenne growing together with the leguminous plant.

The Fv/Fm parameter varied within the experiment and ranged from 0.6 to 0.7 (Table 6). Its values differed significantly between Lolium
perenne from Lp1 and Lp2 pots. Lolium perenne grown with microclover had about 9.5% greater value of the maximum photochemical
efficiency of PSII.  

Table 6 Maximum photochemical efficiency of PSII (Fv/Fm)
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Type of crop Moisture Soil treatment Mean

Control PGPB

Lp1 40% FWC 0.665±0.080Aa 0.639±0.048 Aa 0.652A

60% FWC 0.642±0.088 Aa 0.623±0.053 Aa 0.632A

Lp2 40% FWC 0.698±0.050 Aa 0.704±0.046 Aa 0.701A

60% FWC 0.709±0.033 Aa 0.719±0.032 Aa 0.714A

Mean for moisture

40% FWC 0.682Aa 0.671 Aa 0.677A

60% FWC 0.676 Aa 0.671 Aa 0.673A

Mean for type of crop

Lp1 0.653 Aa 0.631 Aa 0.642B

Lp2 0.704 Aa 0.711 Aa 0.708A

Mean 0.679 a 0.671 a  

Means in columns marked with the same uppercase letters do not differ significantly. Means in lines marked with the same lowercase letters
do not differ significantly. Abbreviations: Lp1 – Lolium perenne in pure stand; LP2 - Lolium perenne in a mixture with microclover; 40% FWC –
40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant Growth Promoting Bacteria 

According to Angelini et al. [44], in optimal plant growth conditions, its value should be about 0.85 relative units, and its decrease indicates
the occurrence of stress. In the present research, the parameter did not change with the change in soil moisture, which proves it is not
sensitive to drought stress. Kalaji et al. [22] also reported that some kinds of stress, e.g. drought, did not affect Fv/Fm value. Digrado et al.
[38] obtained the highest Fv/Fm in Lolium perenne in autumn, with average values of approx. 0.75, which indicated a high PSII efficiency. In
summer, on the other hand, values as low as 0.15 were noted. Lower Fv/Fm values in summer indicated a reduced photochemical efficiency
of PSII and stronger energy dissipation, but the plant returned to its full photochemical activity after the stress subsided.

The greatest value of the maximum efficiency of water splitting on the PSII donor side was noted for Lolium perenne plants grown in the
mixture (Table 7). According to Aazami et al. [45], plant stress caused by adverse conditions can lead to temporary photoinhibition or damage
of photosynthetic organs, resulting in a decrease in chlorophyll fluorescence parameters. This was confirmed by Li et al. [46], who observed
that drought stress combined with high temperature resulted in Fv/Fo values falling sharply. Olsen et al. [21] observed that when Fo increased
in stressed plants, the Fv/Fo ratio decreased.  

Table 7 Maximum water-splitting efficiency on the PSII donor side (Fv/Fo)

Type of crop Moisture Soil treatment Mean

Control PGPB

Lp1 40% FWC 2.108±0.761Aa 1.806±0.388 Aa 1.957A

60% FWC 1.924±0.774 Aa 1.690±0.383 Aa 1.807A

Lp2 40% FWC 2.385±0.597 Aa 2.446±0.566 Aa 2.416A

60% FWC 2.479±0.423 Aa 2.594±0.431 Aa 2.536A

Mean for moisture

40% FWC 2.247 Aa 2.126 Aa 2.186A

60% FWC 2.201 Aa 2.142 Aa 2.172A

Mean for type of crop

Lp1 2.016 Aa 1.748 Aa 1.882B

Lp2 2.432 Aa 2.520 Aa 2.476A

Mean 2.224a 2.134a  
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Means in columns marked with the same uppercase letters do not differ significantly. Means in lines marked with the same lowercase letters
do not differ significantly. Abbreviations: Lp1 – Lolium perenne in pure stand; LP2 - Lolium perenne in a mixture with microclover; 40% FWC –
40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant Growth Promoting Bacteria 

Statistical analysis of the Area parameter did not show any significant differences between different experimental units, but some tendencies
were notable (Table 8). The area above the Lp2 Lolium perenne curves was on average 25% greater, which meant that for those units the
number of electron acceptors of photosynthetic electron transport chain (PETC) was also greater. A visible difference was also noticed
between the average values of the Area parameter for pots with and without PGPB. Plants with PGPB had a 13% greater number of PETC
electron acceptors. Soil moisture content did not significantly affect the Area parameter, and the difference in the average values between
40%FWC and 60%FWC was about 5%. Schansker et al. [47] argue that there is a relationship between the area over the OJIP transients and
the number of electrons transported through the PETC before the Fm value is reached. Strasser et al. [16] and Khan et al. [48] stated that this
area was proportional to the number of PETC electron acceptors.  

Table 8 Area over OJIP Induction Curve

Type of crop Moisture Soil treatment Mean

Control PGPB

Lp1 40% FWC 8379.3±4671.4Aa 9640.7±3429.5 Aa 9010.0 A

60% FWC 7429.3±2982.3 Aa 7401.0±2954.6 Aa 7415.3 A

Lp2 40% FWC 9210.7±2650.5 Aa 10545.0±3978.4 Aa 9879.0 A

60% FWC 9700.0±1721.8 Aa 11603.0±2756.9 Aa 10652.0 A

Mean for moisture

40% FWC 8795.0 Aa 10094.0 Aa 9444.5A

60% FWC 8564.8 Aa 9502.0 Aa 9033.4A

Mean for type of crop

Lp1 7904.5 Aa 8520.8 Aa 8212.7A

Lp2 9455.3 Aa 11075.0 Aa 10265.0A

Mean 8679.9a 9798.0a  

Means in columns marked with the same uppercase letters do not differ significantly. Means in lines marked with the same lowercase letters
do not differ significantly. Abbreviations: Lp1 – Lolium perenne in pure stand; LP2 - Lolium perenne in a mixture with microclover; 40% FWC –
40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant Growth Promoting Bacteria 

Figures 3, 4, and 5 present the differences in percentage between the effects of experimental factor. The pot with Lolium perenne grown in
pure stand at optimal field water capacity and without the microbiological vaccine (Lp1/60% FWC) was used as a reference value (100%).
Figure 3 presents the effects of experimental factors on Fo, Fm, Fv/Fv, Fv/Fm, and Area parameters. They took greater values for Lp2 pots
than for Lp1 ones, which meant that microclover affected the growth and physiological functions of Lolium perenne. A beneficial effect of
PGPB was also recorded for pots with plants in drought stress (40% FWC/PGPB), where Fm and Area increased on average by approx. 25%
compared to the reference value (Lp1/60% FWC).

Specific energy flux per one active reaction center (RC) of PSII

The energy absorbed by one active reaction center (ABS/RC) was significantly greater, by 12%, in Lolium perenne plants  in pure stand than in
Lolium perenne grown with microclover (Table 9). No statistically significant differences were noted between the effects of the other
experimental factors, but some trends were observed. A 5% increase in the flux of energy absorbed by one active reaction center was noted
for 40% FWC pots compared to 60% FWC ones.  

Table 9 Energy absorbed by one active reaction center (ABS/RC)
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Type of crop Moisture Soil treatment Mean

Control PGPB

Lp1 40% FWC 2.828±0.569 Aa 2.5153±0.343 Aa 2.6718A

60% FWC 2.463±0.405 Aa 2.6107±0.404 Aa 2.5368A

Lp2 40% FWC 2.2350±0.206 Aa 2.3920±0.290 Aa 2.3135A

60% FWC 2.2937±0.210 Aa 2.2523±0.395 Aa 2.2730A

Mean for moisture

40% FWC 2.5317 Aa 2.4537 Aa 2.4927A

60% FWC 2.3783 Aa 2.4315 Aa 2.4049A

Mean for type of crop

Lp1 2.6457 Aa 2.5630 Aa 2.6043A

Lp2 2.2643 Aa 2.3222 Aa 2.2933B

Mean 2.4550a 2.4426a  

Means in columns marked with the same uppercase letters do not differ significantly. Means in lines marked with the same lowercase letters
do not differ significantly. Abbreviations: Lp1 – Lolium perenne in pure stand; LP2 - Lolium perenne in a mixture with microclover; 40% FWC –
40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant Growth Promoting Bacteria 

Monneveux et al. [49] noted an increase in the ABS/RC parameter in plants during drought stress and argued that that indicated that some
reaction centers were inactive and the yield per reaction center increased. The ABS/RC parameter also reflects the effective antenna size of
the active reaction centers; as the parameter increases, the antenna size of the active reaction centers decreases [50]. Therefore, in the
present studies, the antenna of the active reaction centers was larger in the case of Lolium perenne plants on soil with the substrate moisture
of 60% FWC and in those grown with microclover.

The values of the energy flux trapped by one active reaction center (TRo/RC) did not vary across research factors, ranging on average from
1.59 to 1.67 (Table 10). Using P. scutellarioides plants, Meng et al. [18] observed that the TRo/RC parameter increased in response to drought
stress only for the first 10 days, and then it began to decrease. The authors concluded that to resist drought stress and to maintain their
growth, plants inhibited electron transport and reduced the PSII photochemical activity at an earlier stage of stress. 

Table 10 Energy flux trapped by one active reaction center (RC), at time 0 (TRo/RC)

Type of crop Moisture Soil treatment Mean

Control PGPB

Lp1 40% FWC 1.7845±0.130 Aa 1.5605±0.176 Aa 1.6725A

60% FWC 1.6174±0.066 Aa 1.6582±0.154 Aa 1.6378A

Lp2 40% FWC 1.5821±0.074 Aa 1.7161±0.165 Aa 1.6491A

60% FWC 1.6009±0.150 Aa 1.5758±0.182 Aa 1.5884A

Mean for moisture

40% FWC 1.6833 Aa 1.6383 Aa 1.6608A

60% FWC 1.6092 Aa 1.6170 Aa 1.6131A

Mean for type of crop

Lp1 1.7010 Aa 1.6093 Aa 1.6551A

Lp2 1.5915 Aa 1.6460 Aa 1.6187A

Mean 1.6462a 1.6277a  
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Means in columns marked with the same uppercase letters do not differ significantly. Means in lines marked with the same lowercase letters
do not differ significantly. Abbreviations: Lp1 – Lolium perenne in pure stand; LP2 - Lolium perenne in a mixture with microclover; 40% FWC –
40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant Growth Promoting Bacteria 

In the present experiment no statistically significant effect of experimental factors on the electron transport flux through one active reaction
center (ETo/RC) was noted. However, this parameter was 6.5% greater for plants in drought stress, growing on substrate with 40% FWC
(Table 11). According to the literature [51, 52], in waterlogged conditions plants reduce the ETo/RC parameter value because there are fewer
active RCs and more QA reduction. The reoxidation of reduced QA through electron transport in the active RC is also reduced, indicating a
decrease in ETo/RC. 

Table 11 Rate of electron transport through one active reaction center, at time 0 (ETo/RC)

Type of crop Moisture Soil treatment  Mean

Control PGPB

Lp1 40% FWC 6.4554±0.753 Aa 5.6524±0.745 Aa 6.0539A

60% FWC 5.8205±0.869Aa 5.7484±0.518 Aa 5.7845A

Lp2 40% FWC 6.1488±0.241 Aa 6.6594±0.606 Aa 6.4041A

60% FWC 5.6624±1.164 Aa 5.9708±0.09 Aa 5.8166A

Mean for moisture

40% FWC 6.3021 Aa 6.1559 Aa 6.2290A

60% FWC 5.7415 Aa 5.8596 Aa 5.8006A

Mean for type of crop

Lp1 6.1380 Aa 5.7004 Aa 5.9192A

Lp2 5.9056 Aa 6.3151 Aa 6.1103A

Mean 6.0218a 6.0078a  

Means in columns marked with the same uppercase letters do not differ significantly. Means in lines marked with the same lowercase letters
do not differ significantly. Abbreviations: Lp1 – Lolium perenne in pure stand; LP2 - Lolium perenne in a mixture with microclover; 40% FWC –
40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant Growth Promoting Bacteria 

Figure 4 present the effects of experimental factors on ABS/RC, TRo/RC, and ETo/RC parameters. Their highest values were recorded for
Lolium perenne in pure stand, not treated with PGBG and subjected to drought stress (Lp1/40% WFC). The values for the 40% FWC pots with
PGPB were nearly the same as the reference value (Lp1/60% FWC). On the other hand, the lowest values of ABS/RC, TRo/RC, and ETo/RC
parameters were recorded in Lolium perenne plants  growing in a mixture with microclover, with substrate moisture content of 60% FWC and
without PGPB (L2/60% FWC).  

Fig. 4 The effect of experimental factors on ABS/RC, TRo/RC, and ETo/RC parameters. Abbreviations: Lp1 – Lolium perenne in pure stand;
LP2 - Lolium perenne in a mixture with microclover; 40% FWC – 40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant
Growth Promoting Bacteria 

Phenomenological energy fluxes per excited cross section of the photosynthetic sample (CS) Density of active reaction centers (RCs) of PSII

The results (Table 12, 13, 14) did not show any significant effects of the crop type, %FWC, or PGPB, or their double or triple interactions on the
reaction center density (RC/CSo), electron transport by PSII (Eto/CSo), and thermal dissipation of excitation energy by PSII (DIo/CS). Despite
the lack of statistically significant differences, many downward or upward tendencies in the above-mentioned parameters were observed.
Thus, in the case of the RC/CSo parameter, the number of reaction center densities for Lolium perenne growing in the mixture with
microclover was about 10% greater than for Lolium perenne in pure stand (Table 12). In addition, the use of PGPB also resulted in an increase
in the RC/CSo parameter by approx. 9%.  

Table 12 Density of plastoquinone QA reducing reaction centers (RC/CSo)
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Type of crop Moisture Soil treatment  Mean

Control PGPB

Lp1 40% FWC 112.26±24.31 Aa 136.96±18.80 Aa 124.61A

60% FWC 131.74±20.71Aa 151.05±18.99 Aa 141.40A

Lp2 40% FWC 156.20±11.04 Aa 145.12±16.76 Aa 150.66A

60% FWC 136.66±9.86 Aa 155.08±26.75 Aa 145.87A

Mean for moisture

40% FWC 134.23 Aa 141.04 Aa 137.64A

60% FWC 134.20 Aa 153.07 Aa 143.63A

Mean for type of crop

Lp1 122.00 Aa 144.01 Aa 133.00A

Lp2 146.43 Aa 150.10 Aa 148.27A

Mean 134.21a 147.05a  

Means in columns marked with the same uppercase letters do not differ significantly. Means in lines marked with the same lowercase letters
do not differ significantly. Abbreviations: Lp1 – Lolium perenne in pure stand; LP2 - Lolium perenne in a mixture with microclover; 40% FWC –
40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant Growth Promoting Bacteria

The results indicated that the electron transport per cross section of the photosynthetic sample (ETo/CSo) had similar values for both 40 and
60 % FWC. Minor differences were noted between the average ETo/CSo results for Lolium perenne growing in a mixture with microclover and
in pure stand (Table 13). For the former the value was about 13% greater than for the latter. Similarly, the use of PGPB increased the electron
transport flux by about 8%. 

Table 13 Electron transport flux per cross section  (ETo/CS)

Type of crop Moisture Soil treatment  Mean

Control PGPB

Lp1 40% FWC 778.14±234.09 Aa 870.68±159.57 Aa 824.41A

60% FWC 735.63±234.13 Aa 778.69±184.41 Aa 757.16A

Lp2 40% FWC 772.29±160.21 Aa 925.44±156.50 Aa 848.87A

60% FWC 962.14±104.55 Aa 964.82±123.87 Aa 963.48A

Mean for moisture

40% FWC 775.21 Aa 898.06 Aa 836.64A

60% FWC 848.88 Aa 871.76 Aa 860.32A

Mean for type of crop

Lp1 756.88 Aa 824.69 Aa 790.78A

Lp2 867.21 Aa 945.13 Aa 906.17A

Mean 812.05a 884.91a  

Means in columns marked with the same uppercase letters do not differ significantly. Means in lines marked with the same lowercase letters
do not differ significantly. Abbreviations: Lp1 – Lolium perenne in pure stand; LP2 - Lolium perenne in a mixture with microclover; 40% FWC –
40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant Growth Promoting Bacteria

No major differences for the thermal dissipation of excitation energy by PSII of the photosynthetic sample (DIo/CS) between the
experimental units were observed (Table 14). 

Table 14 Thermal dissipation of excitation energy by PSII of a photosynthetic sample (DIo/CS)



Page 13/20

Type of crop Moisture Soil treatment  Mean

Control PGPB

Lp1 40% FWC 1.0442±0.44331 Aa 0.95530±0.22540 Aa 0.99970A

60% FWC 0.84627±0.33953 Aa 0.95303±0.26371 Aa 0.89965A

Lp2 40% FWC 0.69317±0.14294 Aa 0.67697±0.21421 Aa 0.68507A

60% FWC 0.65307±0.13287 Aa 0.67647±0.14323 Aa 0.66477A

Mean for moisture

40% FWC 0.84862 Aa 0.81585 Aa 0.83223A

60% FWC 0.76972 Aa 0.81500 Aa 0.79236A

Mean for type of crop

Lp1 0.94522 Aa 0.95413 Aa 0.94967A

Lp2 0.67312 Aa 0.67672 Aa 0.67492A

Mean 0.80917a 0.81542a  

Means in columns marked with the same uppercase letters do not differ significantly. Means in lines marked with the same lowercase letters
do not differ significantly. Abbreviations: Lp1 – Lolium perenne in pure stand; LP2 - Lolium perenne in a mixture with microclover; 40% FWC –
40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant Growth Promoting Bacteria 

Figure 5 presents the effect of experimental factors on of RC/CSo, ETo/CSo, and DIo/CS parameters. The thermal dissipation of excitation
energy by PSII of the sample (DIo/CS) was more beneficial for units with Lolium perenne grown in the mixture (20% lower than for Lp1). On
the other hand, its values for Lolium perenne in pure stand were greater than for Lp2 plants, both on 40% and 60% FWC substrate or whether
PGPB was used or not. Electron transport flux per cross section (ETo/CSo) was the greatest in Lolium perenne  grown with microclover on
substrate with optimal field water capacity (Lp2/60% FWC). Increased values of this parameter were also noted for the Lp2 and Lp1 plants
grown on substrate with 40% FWC and with PGPB. Density of reaction centers (RC/CSo) was greater in Lolium perenne grown with
microclover, with PGPB and 60% FWC (L2/60% FWC/PGPB).

The RC/CSo and ETo/CSo parameters are often used to determine damage to the PSII reaction center, caused by adverse environmental
conditions [53]. However, as the results indicated, drought stress caused by the moisture level of 40% FWC did not significantly affect the
functioning of the PSII and no damage occurred. According to Zhao et al. [6], with low soil water content (<29.7%), the PSII reaction center
absorbed significantly more light energy, but the ability to capture and transmit it was significantly reduced; therefore, the accumulation of
excess light energy eventually reduced photosynthetic efficiency, with a significant decrease in RC/CSo and ETo/CSo values. Chen et al. [54]
and Zhang et al. [55] stated that this indicated that excessive excitation energy was stored at the reaction center, causing the electron
transfer on the PSII acceptor side to be interrupted, with the photosynthetic apparatus further damaged. A tendency to decrease RC/CSo,
ETo/CSo and increase DIo/CS as a result of subjecting the plant to drought stress was also noted by Contreras-Porcia et al. [56] and Olsen et.
al. [21]. 

Conclusions
The presence of microclover in the mixture contributed to the improvement of many chlorophyll a fluorescence parameters of Lolium
perenne. Statistically, the maximum fluorescence (Fm), the maximum photochemical efficiency of PSII (Fv/Fm), and the maximum water-
splitting efficiency on the donor side of PSII (Fv/Fo) increased significantly. The number of active reaction centers also increased, which
translated into better energy flux absorbed by one reaction center (ABS/RC). In addition, there were upward tendencies of such parameters as
the area above the induction curve (Area) and the density of reaction centers (RC/CSo). Due to the above effects, microclover can be
recommended to be used in lawn mixtures. The use of Plant Growth Promoting Bacteria increased the maximum chlorophyll a fluorescence
(Fm), the area above the induction curve (Area), and the density of reaction centers (RC/CSo). The positive effect of the plant-promoting
PGPB microbial vaccine on the Lolium perenne lawn variety suggests that more studies should be conducted on other plant species
subjected to other kinds of abiotic stress. As the results indicated, growing plants exposed to drought stress with the substrate moisture level
of 40% FWC did not affect the photosynthesis process. The parameter most sensitive to low substrate moisture was the rate of electron
transport through one active reaction center (ETo/RC). Therefore, the ETo/RC parameter should be recommended for further research on
drought stress.
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Figures

Figure 1

The effect of experimental factors on chlorophyll a fluorescence induction curve. Abbreviations: Lp1 – Lolium perennein pure stand; Lp2 -
Lolium perennein a mixture with microclover; 40% FWC – 40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant
Growth Promoting Bacteria
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Figure 2

Effect of a) PGPB on chlorophyll a fluorescence assessed by the OJIP test; b) substrate moisture on chlorophyll fluorescence assessed by
the OJIP test. Abbreviations: O ,K, J, I, P – points on the chlorophyll a fluorescence induction curve; Lp1 - Lolium perene grown in pure stand;
Lp2 –  Lolium perene grown in a mixture with microclover
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Figure 3

The effect of experimental factors on of Fo, Fm, Fv/Fo, Fv/Fm and Area parameters. Abbreviations: Lp1 – Lolium perennein pure stand; LP2 -
Lolium perennein a mixture with microclover; 40% FWC – 40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant
Growth Promoting Bacteria

Figure 4

The effect of experimental factors on ABS/RC, TRo/RC, and ETo/RC parameters. Abbreviations: Lp1 – Lolium perennein pure stand; LP2 -
Lolium perennein a mixture with microclover; 40% FWC – 40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant
Growth Promoting Bacteria
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Figure 5

Effects of experimental factors on of RC/CSo, ETo/CSo, and DIo/CS parameters. Abbreviations: Lp1 – Lolium perennein pure stand; LP2 -
Lolium perennein a mixture with microclover; 40% FWC – 40% field water capacity; 60% FWC – 60% field water capacity; PGPB – Plant
Growth Promoting Bacteria


