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Background. Red clover is an important forage crop that enhances soil fertility.
Pre-sowing inoculation of legume seeds with nitrogen-fixing microorganisms is an effec-
tive way to increase their productivity. It is known that co-inoculation with rhizobia and
plant growth—promoting bacteria helps protect plants from abiotic stresses, particularly
drought. The aim of this study was to investigate the effects of drought on nitrogen-
fixing activity, net CO, assimilation rate, and productivity of clover plants inoculated with
microbial complexes based on nodule bacteria and free-living soil microorganisms.

Materials and Methods. The study was conducted on symbiotic systems involving
clover plants (Trifolium pratense L.) of the Tina variety and nodule bacteria Rhizobium
leguminosarum bwv. trifolii 348a strain, as well as in their combinations with Azotobacter
chroococcum T79, Pseudomonas fluorescens 33, and Neorhizobium galegae MC-1
strains. Research methods — microbiological, gasometric, gravimetric, statistical analysis.

Results. Drought suppressed both the nitrogen-fixing activity (NFA) of root nodu-
les and the net CO, assimilation rate (A,) in clover leaves, with a stronger effect on
NFA than on A,. A significant increase in leaf photorespiration (R,,,) was observed
in drought-exposed plants, and R, /A, ratio remained elevated compared to control
plants even after drought termination. Drought was also found to weaken the correlation
between NFA and A, which was strong under optimal water conditions. A stronger cor-
relation was observed between A and whole-plant dry weight (r = 0.84) than between
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NFA and dry weight (r = 0.71). The data clearly show that neither NFA nor A returned
to well-watered control levels within seven days of drought termination. Seed treatment
with the combination of Rhizobium leguminosarum bv. trifolii 348a + N. galegae MC-1
stimulated NFA earlier in plant development than other treatments, maintaining peak
activity from the eight-leaf stage onwards, whereas treatments with R. lequminosarum
bv. trifolii 348a alone and in combination with A. chroococcum 79 reached comparable
NFA values only at the budding stage.

Conclusions. The results indicate that inoculation of clover plants with different
combinations of nitrogen-fixing microorganisms increased their productivity and improved
their performance under drought conditions, although to varying extents. The combination
R. leguminosarum bwv. trifolii 348a + N. galegae MC1 was the most effective in stimulating
clover productivity under both optimal and stress conditions. The R. leguminosarum bv.
trifolii 348a + P, fluorescens 33 treatment was the worst-performing inoculant combination.

Keywords: Trifolium pratense L., Rhizobium leguminosarum bv. trifolii, Neorhizobium
galegae, Azotobacter chroococcum, Pseudomonas fluorescens,
drought, nitrogen-fixing activity, photosynthesis, productivity

INTRODUCTION

Legumes play a key role in addressing global food security challenges by provid-
ing a stable source of protein and bioactive compounds (Ugar, 2023). The inclusion of
legumes in agricultural systems helps to diminish negative impacts on soils by reducing
the use of mineral nitrogen fertilizers and decreasing greenhouse gas emissions.

Red clover (Trifolium pratense L.) is an important forage crop that improves soil ferti-
lity (Baistruk-Hlodan, 2023). Its value lies in its ability to form symbiotic relationships with
rhizobia for biological nitrogen fixation. Clover can fix 100—150 kg/ha of atmospheric nitro-
gen per growing season and has high nutritional value for animals. However, this crop
is sensitive to drought (Egan et al., 2021; Heslop et al., 2023; Hendrickson et al., 2025).

Pre-sowing inoculation of legume seeds with nitrogen-fixing microorganisms is an
effective way to increase their productivity (Monalisha et al., 2025). It should be noted
that different legume species form symbiotic relationships with specific bacterial spe-
cies (Santos et al., 2019). For example, common bean (Phaseolus vulgaris L.) can form
symbiosis with Rhizobium leguminosarum bv. phaseoli, red clover — with R. legumino-
sarum bw. trifolii, goat’s rue — with Neorhizobium galegae. The latter bacterium deserves
special attention, as there is evidence of its resistance to various environmental stress
factors, attributed to the production of large amounts of polysaccharides and specific
growth-promoting metabolites. This has been demonstrated in studies involving the pre-
sowing inoculation of lupine seeds (Omelchuk et al., 2024) and the influence of mono-
and complex inoculants on the morphometric parameters of seedlings and the sowing
qualities of red clover seeds (Kominarets et al., 2025).

However, the plant rhizosphere is typically inhabited not only by microorganisms
that directly form symbiotic relationships with roots but also by many other microbial
species. The root system can be colonized by plant growth-promoting rhizobacteria
(PGPR), which have a positive effect on the functioning of the legume-rhizobia sym-
biosis (Alemneh et al., 2020). These bacteria enhance nitrogen-fixing activity, promote
nodule formation on legume roots, and mitigate the harmful effects of stress factors
(Koza et al., 2022).
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Among the most well-known representatives of PGPR are bacteria from genera
such as Azotobacter and Pseudomonas, among others (lbrahim & EI-Sawah, 2022).
For example, A. chroococcum produces auxins, gibberellins, and phenolic compounds,
thereby increasing plant height, biomass, and nitrogen content. A. vinelandii is capable
of fixing atmospheric nitrogen and making it available to plants in the form of ammo-
nium compounds. Pseudomonas putida is an effective phosphate-mobilizing bacterium
that is resistant to high temperatures and hydrolyzes phosphate into forms available to
plants, thereby promoting their growth and development (Costa-Gutierrez et al., 2022).

Previously, rhizobia were most often used as inoculants. As an exception, two com-
patible strains of the same species were occasionally used. However, the use of inocu-
lants containing microorganisms of different species has recently become significantly
more widespread (Alemneh et al., 2020). The application of mixed inoculants is referred
to as co-inoculation. The effectiveness of co-inoculation depends on the selection of
compatible strains, cell concentration, and the method of microbial application (Santos
et al., 2019).

Drought is the most common and harmful abiotic stress factor worldwide. It nega-
tively affects physiological processes in plants, including a reduction in nitrogen-fixing
activity in legumes (Vleugels et al., 2024). As a result, nitrogen availability to plants
decreases, which can also affect the efficiency of the photosynthetic apparatus, in addi-
tion to the direct effects of drought on it, and the productivity of legume plants decreases.
It has been shown that soil microorganisms can induce trait changes in red clover, sug-
gesting that they play an important role in plant responses to drought, in maintaining
plant productivity, and in prolonging plant vitality (Tello-Garcia et al., 2023). Literature
data indicate that co-inoculation of legume plants with PGPR bacteria and rhizobia is an
effective strategy for mitigating abiotic stresses, particularly drought (Fahde et al., 2023;
Goswami & Suresh, 2020; Chandra et al., 2021).

The aim of this study was to investigate the effect of drought on nitrogen-fixing
activity, net CO, assimilation rate, and the productivity of clover plants inoculated with
microbial complexes composed of nodule bacteria and free-living soil microorganisms.

MATERIALS AND METHODS

The study was conducted on red clover plants (T. pratense) of the Tina variety (origi-
nator — the Institute of Feed Research and Agriculture of Podillia, NAAS of Ukraine).
Seed inoculation was performed using one- or two-component microbial preparations
containing nitrogen-fixing and associative bacteria from the museum collection of nitro-
gen-fixing microorganisms at the Institute of Plant Physiology and Genetics of the NAS
of Ukraine.

Clover rhizobia — Rhizobium leguminosarum bv. trifolii 348a (production strain),
goat’s rue-specific nodule bacteria Neorhizobium galegae MC-1, as well as associative
microorganisms — Azotobacter chroococcum T79, Pseudomonas fluorescens 33 were
used. The bacteria were grown at a temperature of +28 °C for 5 days on the following
media: R. leguminosarum bv. trifolii 348a and N. galegae MC-1 — on the Yeast Extract
Mannitol (YEM) medium (g/L): K,HPO, (0.5), MgSO,-7H,0O (0.4), NaCl (0.1), mannitol
(10.0), yeast extract (0.5), agar (15.0-17.0), distilled water, pH 6.8—7.2, sterilization at
1 bar for 30 min. A. chroococcum 79 was cultured on Ashby medium (g/L): KH,PO, (0.2),
MgSO,-7H,0 (0.2), K,SO, (0.1), NaCl (0.2), CaCO, (5.0), sucrose (20.0), agar (20.0),
pH 7.3-7.6, sterilization at 0.75 bar 10 min. P. fluorescens 33 — on LPJ medium (g/L):
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0.5 % bacpeptone (5), 0.3 % yeast extract (3), 0.5 % glucose (5), agar (16), pH 7.0,
sterilization at 0.5 bar, 20 min.

The bacterial biomass was washed from the surface of the agar medium, sus-
pended, transferred into flasks containing liquid medium, and cultivated for 4 days at
+28 °C under constant aeration. The optical density of the inoculum suspensions was
adjusted to a uniform level of 0.5 relative units by adding sterilized water and monitored
using a Shimadzu UV-1900 spectrophotometer (Japan) at a wavelength of 600 nm.

Seeds were inoculated for 1 hour. The inoculated seeds were then sown in Wagner
pots, previously sterilized with a 20% hydrogen peroxide solution, and filled with 8.5 kg
of non-sterile river sand. Hellriegel's nutrient solution was used as the mineral nutrition
source at one-quarter of the standard nitrogen rate (full rate: 0.708 g Ca(NO,), per kg
substrate), with microelements added accordingly.

The pots were arranged on outdoor racks at the Institute grounds, covered with
a transparent polyethylene film canopy to exclude rainfall. Plants were grown under
natural light and temperature conditions, with fifteen plants per pot.

The experiment scheme included the following treatments: 1 — without inoculation;
2 — inoculation with R. leguminosarum bv. trifolii 348a; 3 — inoculation with R. legu-
minosarum bv. trifolii 348a + A. chroococcum 79; 4 — inoculation with R. legumino-
sarum bwv. trifolii 348a + P. fluorescens 33; 5 — inoculation with R. leguminosarum bwv.
trifolii 348a + N. galegae MC-1. At the stage of 8 true leaves, drought was induced in
half of the pots of each inoculation treatment by stopping irrigation. When substrate
moisture decreased to 40 % field capacity (FC), it was maintained at this level for one
week through controlled watering, after which moisture was restored to the optimal level
(70 % FC). Control plants were maintained at optimal substrate moisture throughout the
experiment. Thus, the experimental design included 5 inoculation treatments x 2 wate-
ring regimes x 7 replicates = 70 pots. Soil moisture during drought was determined
gravimetrically by weighing the pots every morning and evening.

The nitrogen-fixing activity of root nodules (NFA), leaf net CO, assimilation, and
photorespiration rate were determined before the onset of drought at the 5 true-leaf
stage, at the end of the drought at the 8 true-leaf stage, and seven days after the end of
the drought at the budding stage (the restoration of watering). Since each pot contained
15 plants, nitrogen-fixing activity was measured by grouping plants into sets of three,
with four replicates (12 plants in total), and the acetylene reduction activity of the nod-
ules was determined. Intact leaves from 4 different plants per pot were used to measure
gas exchange parameters.

The nitrogen-fixing activity of root nodules (NFA) was determined by the acetylene
method (Hardy et al., 1968) using an Agilent Technologies 6850 chromatograph (USA)
with a flame ionization detector.

The net CO, assimilation (A,) and photorespiration (R;,,) rates were measured
under controlled conditions using an EGM-5 gas analyzer (PP Systems, Amesbury,
USA). An intact, fully expanded middle-tier leaf was placed in a temperature-controlled
chamber (25 °C) and illuminated with a 50 W TA-11 LED lamp with a color temperature
of 5200 K. The irradiance at the chamber level was 1500 pmol/(m? - s) of photosyntheti-
cally active radiation. Atmospheric air was passed through the chamber at a flow rate
of 1 L/min. The CO, concentration was not controlled but was continuously recorded
by the gas analyzer and ranged from 470 to 490 ppm. The photorespiration rate was
determined using the post-illumination burst method, based on measuring CO, emis-
sion from the leaf within one minute after the light was turned off.
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After measuring gas exchange parameters, the leaf blades that had been in the
chamber were detached from the petioles, scanned using an Epson 3490 Photo scan-
ner; their area was determined using Adobe Photoshop CS6 software via the pixel-
counting method. Gas exchange parameters were calculated using standard equations
(Busch et al., 2024).

The data obtained were processed by methods of variation statistics using
Microsoft Excel 2010. The significance of differences between samples was evaluated
by ANOVA, where differences were considered significant at P < 0.05 using Tukey’s
test. The validation analysis of data approximation by the linear functions (illustrated in
Fig. 3 and Fig. 5) was performed using Fisher’s F-test. All data are presented as means
+ SE (n =4).

RESULTS AND DISCUSSION

Measurements of NFA in clover plants inoculated with different combinations of
nitrogen-fixing microorganisms showed that, at the 5 true leaf stage, this parameter was
lowest in non-inoculated plants and highest in plants inoculated with R. lequminosarum
bv. trifolii 348a + N. galegae MC-1 (Fig. 1). Plants subjected to other inoculation treat-
ments exhibited intermediate values between these extremes. The presence of measu-
rable nitrogen-fixing activity in non-inoculated plants can be explained by spontaneous
colonization by local rhizobia races, as the substrate was not sterilized.
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Fig. 1. Nitrogen-fixing activity (NFA) of clover plants inoculated with different combinations of nitrogen-fixing

microorganisms under optimal substrate moisture (70 % FC, control) and drought-treated at the stage
of 8 true leaves (40 % FC, drought): 1 — without inoculation; 2 — inoculation with R. lequminosarum
bv. trifolii 348a; 3 — R. lequminosarum bv. trifolii 348a + A. chroococcum 79; 4 — R. leguminosarum
bv. trifolii 348a + P. fluorescens 33; 5 — R. leguminosarum bv. trifolii 348a + N. galegae MC 1 (here
and in Figs. 2, 4, 6: different letters indicate significant differences among treatments at the same
developmental stage, as determined by Tukey’s post-hoc test following ANOVA (P < 0.05); values are
means + SE (n = 4))

At the stage of 8 true leaves, under optimal substrate moisture, a general increase
in NFA was observed. Under drought conditions, a significant decrease in NFA was
recorded in all treatments except spontaneous inoculation. This may indicate that
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local rhizobial strains were more resistant to this stress factor; however, their activity
remained significantly lower than that of the selected microbial strains. Among the latter,
the lowest NFA was in the drought-treated plants inoculated with R. leguminosarum bv.
trifolii 348a + P. fluorescens 33, where it practically equaled that in plants without
inoculation. This parameter was somewhat higher in plants inoculated with R. legumi-
nosarum bv. trifolii 348a, while the highest values under drought conditions (although
still significantly lower than under optimal substrate moisture) were observed in the
treatments R. leguminosarum bv. trifolii 348a + A. chroococcum 79 and R. legumino-
sarum bwv. trifolii 348a + N. galegae MC-1.

At the budding stage (one week after the end of drought), after the restoration of
optimal substrate moisture in previously drought-exposed plants, a slight increase in
NFA was observed, although this parameter did not return to the control level in plants
with artificial inoculation. In plants with spontaneous inoculation, NFA did not differ sig-
nificantly between the control and previously drought-treated plants. In other cases, the
highest NFA in the drought-treated plants was observed under inoculation with R. legu-
minosarum buv. trifolii 348a, while the lowest values were recorded under inoculation
with R. leguminosarum bv. trifolii 348a + P. fluorescens 33.

It should be noted that during this period, a significant increase in NFA was
observed in the control plants under inoculation with R. lequminosarum bv. trifolii 348a
(treatment 2) and R. leguminosarum bwv. trifolii 348a + A. chroococcum 79 (treatment 3).
As a result, these treatments reached values that were practically comparable to those
of plants inoculated with R. leguminosarum bwv. trifolii 348a + N. galegae MC-1 (treat-
ment 5). In plants inoculated with R. leguminosarum bv. trifolii 348a + P. fluorescens 33,
an increase in NFA was also observed in the control plants compared with the previous
developmental stages; however, it remained significantly lower than in the other artifi-
cially inoculated treatments.

In annual legumes, the highest NFA is usually observed during the budding—flowe-
ring period, when the photosynthetic apparatus reaches its maximum performance and
provides the plant with a sufficient amount of assimilates for the formation of new nodu-
les and the intensification of functioning of existing ones (Schwember et al., 2019).
This may explain the sharp increase in NFA in the control plants in treatments 2 and
3 compared with the previous measurement dates. In treatment 5, the highest NFA was
observed throughout the studied period; it reached a near-maximum level at the stage
of eight true leaves and remained virtually unchanged until the budding stage. Such
early stimulation of NFA is undoubtedly a positive factor for enhancing the productivity
of the legume-rhizobial symbiosis.

The nitrogen supply of cultivated plants plays a decisive role in realizing their
genetic yield potential. In legumes, this role is further shaped by the interaction between
the symbiotic and photosynthetic apparatuses within the source-sink system of the
plant organism (Kiriziy et al., 2022; Ucgar, 2023). Thus, on the one hand, root nodules
supply the plant with nitrogen in the form of organic compounds, which is essential
for the development and proper functioning of the photosynthetic apparatus. On the
other hand, the photosynthetic apparatus supplies the nodules with products of carbon
assimilation (mainly sugars), which provide energy and organic substrates for the fixa-
tion of atmospheric molecular nitrogen (Gupta et al., 2026). At the same time, most
assimilates are directed toward the growth and development of the plant itself. It is well
established that approximately 90% of plant dry weight is derived from photosynthesis,
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while the efficiency of the photosynthetic apparatus is strongly determined by the plant’s
nitrogen status (Evans & Clarke, 2019).

Our measurements of the net CO, assimilation rate in clover leaves showed that,
although non-inoculated plants generally exhibited lower values than inoculated plants,
the difference was less pronounced than that observed for NFA (Fig. 2). This may be
explained by the presence of an initial dose of mineral nitrogen in the substrate.
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Fig. 2. Net assimilation rate (A) in leaves of clover plants inoculated with different combinations of nitrogen-
fixing microorganisms under optimal substrate moisture (70 % FC, control) and drought-treated at the
stage of 8 true leaves (40 % FC, drought): 1 — without inoculation; 2 — inoculation with R. legumino-
sarum bwv. trifolii 348a; 3 — R. leguminosarum bwv. trifolii 348a + A. chroococcum 79; 4 — R. legumino-
sarum bwv. trifolii 348a + P. fluorescens 33; 5 — R. leguminosarum bwv. trifolii 348a + N. galegae MC 1
(values are means + SE (n = 4))

Under drought conditions, AN was inhibited, although to a lesser extent than NFA.
This difference is likely due to distinct mechanisms underlying the response of these
processes. Drought reduces leaf photosynthesis by inducing stomatal closure, which
limits CO, diffusion into the leaf, and by triggering signaling pathways that suppress
the biochemical processes of carbon assimilation in chloroplasts (Zahra et al., 2023;
Farooq et al., 2024). In addition, these effects are accompanied by increased formation
of reactive oxygen species (ROS) and the resulting oxidative stress in nearly all plant
tissues (Ehonen et al., 2019).

In nodules under drought conditions, nitrogen fixation is inhibited, firstly due to
a reduced supply of assimilates from the leaves, and secondly due to decreased per-
meability of bacteroid membranes to gases (Kunert et al., 2016; Kibido et al., 2019;
Khatun et al., 2021). In addition, drought impairs the respiratory activity of nodule bacte-
ria, which leads to a reduction in their abundance in the rhizosphere/ecotope (Aldasoro
etal., 2019; Schwember et al., 2019). Moderate water stress reduces the number of root
nodules, while prolonged exposure not only decreases their number but also their size.
The negative effect of drought on nodulation and nitrogen-fixing activity also depends
on the stage of plant development. Thus, it has been shown that reduced water availa-
bility during the vegetative growth of legumes has a more detrimental effect on nodule
formation and function than during the reproductive stage (Parvaze et al., 2018).
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Thus, in terms of the net CO, assimilation rate in the control plants under optimal
watering at the eight-leaf stage, inoculation with R. leguminosarum bv. trifolii 348a +
N. galegae MC-1 showed the highest values compared with all other treatments. At
the budding stage, R. leguminosarum bwv. trifolii 348a and R. leguminosarum bv. trifolii
348a + A. chroococcum 79 reached similar levels, which was also consistent with the
patterns observed for NFA. At the budding stage (one week after the restoration of opti-
mal watering in plants subjected to drought at the eight-leaf stage), A did not recover to
the control level. This may be attributed not only to direct impairment of the photosyn-
thetic apparatus but also to a pronounced decline in NFA under drought conditions, and
consequently to a reduced nitrogen supply to the photosynthetic apparatus.

The relationship between nitrogen fixation and photosynthesis is further supported
by the correlations observed between these processes in our experiments (Fig. 3).
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Fig. 3. Correlations between nitrogen fixation activity (NFA) and net assimilation rate (A,) in clover plants
inoculated with different combinations of nitrogen-fixing microorganisms under optimal substrate mois-
ture (70 % FC, control) and subjected to drought (40 % FC, drought) (values are means + SE (n = 4))

If the entire dataset obtained for these parameters is considered, including both
control and treated plants across all developmental stages, a strong correlation is
observed between NFA and A (r = 0.85). When only control plants grown under opti-
mal soil moisture are analyzed, the correlation becomes slightly stronger (r = 0.87).
However, when NFA and A values from the drought-treated plants are considered, both
during stress exposure and after the recovery period, the correlation weakens (r = 0.77).
This indicates that drought disrupts the relationship between nitrogen fixation and
photosynthesis. This effect is likely associated both with a slowdown in the exchange
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of nitrogen and carbon assimilates between nodules and leaves and with the different
stress-induced mechanisms affecting these processes, as discussed above.

In general, based on the results of measurements of the two main components
of legume productivity — NFA and CO, assimilation — it can be concluded that inocula-
tion with R. leguminosarum bwv. trifolii 348a + N. galegae MC-1 was the most effective
in stimulating these processes, whereas the least effective treatment was R. lequmi-
nosarum bwv. trifolii 348a + P. fluorescens 33. Drought significantly inhibited both pro-
cesses, and a negative aftereffect was still evident one week after the restoration of
optimal watering in previously drought-stressed plants. However, the relative ranking of
inoculation treatments remained consistent under these conditions.

Along with photosynthesis, a noticeable rate of photorespiration was recorded in
clover leaves (Fig. 4). In C, plants, this process results from the oxygenase activity of
Rubisco, whereby a portion of ribulose-1,5-bisphosphate is oxidized instead of being
carboxylated, leading to the formation of glycolate (Aroca et al., 2023). Glycolate then
enters the glycolate cycle, during which CO, is released, resulting in a loss of previously
assimilated carbon. Photorespiration is an energy-dependent process that consumes
ATP and occurs only in the light.
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Fig. 4. Photorespiration (R;,,) rate in leaves of clover plants inoculated with different combinations of nitro-
gen-fixing microorganisms under optimal substrate moisture (70 % FC, control) and drought-treated
at the stage of 8 true leaves (40 % FC, drought): 1 — without inoculation; 2 — inoculation with R. legu-
minosarum bv. trifolii 348a; 3 — R. leguminosarum bv. trifolii 348a + A. chroococcum 79; 4 — R. legumi-
nosarum bwv. trifolii 348a + P. fluorescens 33; 5 — R. leguminosarum bwv. trifolii 348a + N. galegae MC 1
(values are means + SE (n = 4))

For a long time, photorespiration was considered a harmful process that reduces
the productivity of C, plants. However, recent studies suggest that under stress condi-
tions, particularly drought, it may play a beneficial role (Broncano et al., 2023). When
CO, entry into the leaf is limited due to stomatal closure, photorespiration can serve as
an internal source of CO, and as an alternative sink for electrons from the chloroplast
electron transport chain. This reduces the risk of excessive ROS formation, which can
damage the photosynthetic apparatus in mesophyll cells. In addition, photorespiratory
metabolism produces the amino acids glycine and serine, thereby contributing to plant
nitrogen metabolism.
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Although the post-illumination CO, burst method used to estimate photorespira-
tion provides only an approximation, our data indicate that in the drought-treated clover
plants, the leaf photorespiration rate was significantly higher than in the control plants
(Fig. 4). This pattern was observed both during the direct action of the stress factor and
after the restoration of optimal watering in previously drought-exposed plants. Since this
increase in photorespiration coincided with a decrease in A, the R;,/A, ratio increased
significantly compared with the control across all inoculation treatments. Thus, at the
eight-leaf stage, this index averaged 0.20 in the control plants and 0.31 in the drought-
treated plants. At the budding stage, after cessation of the stress factor, the correspond-
ing values were 0.15 and 0.22, respectively.

Under drought conditions, the lowest photorespiration rate in the drought-treated
plants was observed under inoculation with R. lequminosarum bwv. trifolii 348a + P. fluo-
rescens 33, whereas under the other inoculation treatments, this parameter was sig-
nificantly higher and remained at a similar level. At the budding stage, in contrast, the
highest photorespiration rate was recorded under inoculation with R. leguminosarum
bv. trifolii 348a + P. fluorescens 33, while under all other treatments it was lower.

Since each measurement of NFA and A, was accompanied by sampling to deter-
mine the dry weight of the entire clover plant, including the root system, we examined
the relationships between these parameters. For the entire dataset, including all inocu-
lation treatments, watering regimes, and developmental stages, a fairly strong correla-
tion (r = 0.84) was observed between A and whole-plant dry weight (Fig. 5). In contrast,
the relationship between NFA and plant dry weight was weaker (r = 0.71).
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Fig. 5. Correlations between dry weight of whole clover plants and net CO, assimilation rate (A) or nitrogen-
fixing activity (NFA), calculated for all inoculation and watering treatments and developmental stages
(values are means + SE (n = 4))
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This may be explained by the presence of an initial dose of mineral nitrogen in the
substrate, which was also utilized by clover plants to support the photosynthetic appara-
tus and partially compensated for the substantial decrease in NFA in the drought-treated
plants. This does not contradict the relatively strong correlation between NFA and A
(Fig. 3), since it was calculated over a limited range of variation in these parameters. In
fact, extrapolation of the trend lines to zero NFA suggests that A, in control plants would
be approximately 14 pmol CO,/(m? - s), while in the drought-treated plants it would be
about 11 pmol CO,/(m? - s). Thus, even in the absence of nitrogen fixation, photosyn-
thesis in clover leaves would theoretically proceed due to the initial nitrogen supply,
although at a reduced rate, resulting in lower plant productivity.

This is confirmed by the results from the second mowing of clover plants grown in
pots under individual treatments, conducted six weeks after the restoration of optimal
watering in previously drought-stressed plants. Figure 6 shows that this parameter was
lowest in non-inoculated plants, which also exhibited the lowest A values.
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Fig. 6. Dry weight from the entire pot of the above-ground part of clover plants (at second harvest, six weeks
after drought termination) inoculated with different combinations of nitrogen-fixing microorganisms
under optimal substrate moisture (70 % FC, control) and drought-treated at the stage of 8 true leaves
(40 % FC, drought): 1 — without inoculation; 2 — inoculation with R. leguminosarum bwv. trifolii 348a;
3 — R. leguminosarum bv. trifolii 348a + A. chroococcum 79; 4 — R. lequminosarum bv. trifolii 348a +
P. fluorescens 33; 5 — R. leguminosarum bv. trifolii 348a + N. galegae MC 1 (values are means + SE
(n=4))

The highest productivity of clover plants inoculated with different microbial combi-
nations was observed in the treatment R. lequminosarum bv. trifolii 348a + N. galegae
MC-1, whereas the lowest was recorded in the treatment R. leguminosarum bv. trifolii
348a + P. fluorescens 33. Plants inoculated with R. leguminosarum bv. trifolii 348a alone
and with R. leguminosarum bv. trifolii 348a + A. chroococcum 79 occupied an intermedi-
ate position and did not differ significantly from each other in this parameter.
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CONCLUSIONS

Thus, drought suppressed both NFAin root nodules and A in clover leaves, although
the effect on NFA was more pronounced than on A,. This difference is likely attributable
to distinct mechanisms by which this stress factor affects the respective processes, as
well as the presence of an initial dose of nitrogen in the substrate. A significant increase
in leaf photorespiration rate was also observed in the drought-treated plants.

It was shown that drought weakened the correlation between NFA and A, which
was relatively strong under optimal plant water conditions. A strong correlation was also
found between A, and whole clover plant dry weight, whereas the relationship between
plant dry weight and NFA was weaker.

Inoculation of clover plants with different combinations of nitrogen-fixing microor-
ganisms increased their productivity and improved their performance under drought
conditions, although to varying extents. The combination R. leguminosarum bv. trifolii
348a + N. galegae MC-1 was the most effective in stimulating clover productivity under
both optimal and stress conditions.
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BB NOCYXU HA AKTUBHICTb CUMBIOTUYHOIO | POTOCUHTETUYHOIO
ATMAPATIB POCJIUH KOHIOLLUMHU 3A KOIHOKYNALUIi PIBHUMU LULTAMAMU
PU3OBAKTEPIN

Amumpo Kipiziti, OnekcaHdp Kominapeusb, Cepeili Koyb
IHemumym ¢pizionoeii pocnuH i eeHemuku HAH YkpaiHu
syn. Bacunbkieceka, 31/17, Kuie 03022, YkpaiHa

O6rpyHTyBaHHA. KoHowrHa nyyHa — BaxnmBa dypaxHa Kynbetypa, sika 3abes-
nevye niaBULLEHHS poatodocTi I'pyHTIB. NepegnociBHa iHOKyNnAuis HaciHHS 6060BuMX
POCIMH a30TdiKCyBanbHUMN MiKpoopraHisamamun € epekTMBHMM 3acobom 36inbLUeHHS
TXHBOT NMPOJYKTMBHOCTI. BigomMo, Wo cninbHa iHOKyNAuig pu3obismmn i pocTOCTUMYIHO-
BanbHMMK BakTepiamun € edekTMBHUM cnocobom 6opoTbbn 3 abioTMYHUMK CTpecamu,
30Kkpema, 3 nocyxot. Metoto pobotn Byno AocnigMTi BNAMB NOCYXM Ha asoTdiKCy-
BaribHY aKTUBHICTb, iIHTEHCUBHICTb (DOTOCUHTE3Y Ta NPOAYKTUBHICTb POCIINH KOHIOLLIMHW,
iHOKYNbOBaHMX MIKPOOHUMUN KOMMMEKcamMn Ha OCHOBI Bynbbo4KkoBMX BakTepin i BirbHO-
iICHYHOYMX I'DYHTOBUX MIKPOOpPraHi3MiB.

Matepianu Ta metogn. O6’ekT JOCNILKEHHSA — CUMBIOTUYHI CUCTEMK, CTBOPEHI 3a
yyacTio pocnuH KoHwowuhu (Trifolium pratense L.) copTy TiHa i Bynbbo4koBux Baktepin
Rhizobium leguminosarum bv. trifolii 348a, a Takox y iXHiX komno3uuisx i3 Azotobacter
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chroococcum T79, Pseudomonas fluorescens 33, Neorhizobium galegae MC-1. Metogu
OOCTioKeHHs1 — MiKpoObionorivHi, 6ioximiyHi Ta disionoriyHi, CTaTUCTUYHUIA aHani3.

PesynbraTn. Nocyxa npurHivyBana sik a3oTdikcyBanbHy aktuBHicTb (ADA) Kope-
HeBMX OynbOOYOK, TaK 1 IHTEHCMBHICTb DOTOCUHTE3Y NUCTKIB POCINMH KOHIOLNHK, X0o4a
BB Ha ADPA GyB CUMBHIWLWIA, HiXX HA POTOCUHTE3. BMSIBNEHO iCTOTHE MiABULLEHHS
IHTEHCUBHOCTI POTOAMXAHHSA NUCTKIB Y POCIIMH B YMOBax MOCYXM, LIO MOFMO Bigirpa-
BaTW NMO3UTUBHY POSb Y 3aXUCTi IXHBOrO POTOCUHTETUYHOrO anaparty. [NokasaHo, Wo
nocyxa nocnabntoBana kopensuinHun 38’s130k Midk AGA | OTOCUHTE30M, KU 32 ONTK-
MaribHOrO BOAHOMO PEXWMY POCIUH OyB OOCUTb CUITbHUM. TaKOX BUSIBMEHO CUITbHUN
KOpensiLinHMiA 3B’A30K MiXK IHTEHCUBHICTIO DOTOCUHTE3Y Ta CyXOH MacCOH LLiNIMX POCIMH
KOHHOLLVHW.

BucHoBku. OTpuMaHi pesynsrati CBigyaTh, WO iHOKYNALS POCIMH KOHIOLNHA Pi3-
HUMW KOMMO3ULISIMU a30TdikcyBanbHMX MIKpOOpraHiamiB nigsuLLyBana iXH nNpoayk-
TUBHICTb | CTIMKICTb 4O Nocyxu. HanedekTUBHIWOoW ANa CTUMYNAUiT NPOAYKTUBHOCTI
POCINH KOHIOLUMHK SIK 3@ ONTUMAaIIbHUX, Tak i 32 CTPECOBUX YMOB, BUSIBUIACS KOMMNO3M-
uist R. leguminosarum bv. trifolii 348a + N. galegae MCA1.

Knroyoei cnoea: Trifolium pratense L., Rhizobium leguminosarum bv. trifolii,
Neorhizobiumgalegae, Azotobacterchroococcum, Pseudomonas
fluorescens, nocyxa, a3oTikcyBanbHa aKTUBHICTb, DOTOCUHTES,
NPOAYKTUBHICTb
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