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ABSTRACT

Strawberries (Fragaria % ananassa) are a globally significant fruit crop with high nutritional and economic
value. However, their shallow roots and high water demands make them vulnerable to water stress. The ef-
fects of microbial inoculants and irrigation regimes on the yield, root colonisation by arbuscular mycorrhizal
fungi (AMF), and photosynthetic efficiency of strawberry cultivars Rumba and Honeoye were investigated.
Field and pot experiments were conducted, where plants were subjected to 100% and 50% water supply
conditions. The application of Inoculum 1 (CO9EX — Pseudomonas sp., Ps 150AB Pseudomonas sp.) and
Inoculum 2 (JAFGU — Lysobacter sp.) were applied to evaluate their potential to enhance plant growth and
resilience under these conditions.

A full irrigation regime (100% water supply) significantly increased fruit yield per plant in both cultivars
compared to a reduced irrigation regime (50% water supply). Both inoculants positively affected yield, with
Inoculum 1 showing the best results under full irrigation and Inoculum 2 under reduced irrigation. Mycorrhi-
zal colonisation of roots was significantly improved by both inoculants, with the highest colonisation levels
observed in plants treated with Inoculum 2. Photosynthetic efficiency parameters, such as the maximum
quantum yield of PSII (F /F,,) and quantum efficiency of photochemical reaction in PSII (®PSII), declined
under reduced irrigation, particularly in Honeoye, but microbial inocula mitigated these effects and enhanced
performance under both regimes.

These findings suggest that microbial inoculants can alleviate the adverse effects of water stress on straw-
berry plants, enhancing yield and physiological performance. Future research should explore the underlying
mechanisms of these interactions and evaluate the long-term benefits of microbial inocula in different envi-
ronmental conditions.
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INTRODUCTION
Strawberries are one of the most popular berry-like  al value. The strawberry (Fragaria x ananassa) is

fruits and can be widely produced in almost all regions  a result of crossbreeding between two wild strawber-
of the world due to their delicious taste and nutrition-  ries, Fragaria virginiana and Fragaria chiloensis.
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Although the parent species are native to the Ameri-
cas, the hybrid we know today was developed in Eu-
rope using imported specimens [Morais et al. 2019].

Strawberries have a prominent position among the
fruit-bearing plants in the world. Consumers prefer it
because it is the first fruit to ripen in the spring when
no other fruit is available, and it is one of the most
profitable fruits due to its nutritional value and ben-
efits for human health [Morais et al. 2019]. For this
reason, fruits can find buyers at high prices until oth-
er fruits reach the market. The demand for marketing
fresh strawberries is very high in the world market be-
cause strawberries are widely used either fresh or in
processed foods, such as fruit juices, jams, jellies, ice
creams, chocolates, pies, syrups, pastries, and many
beverages [Sahana et al. 2020, Sharma et al. 2023,
Azam et al. 2019]. According to Food and Agricul-
ture Organization [FAO 2023] data, in 2022, world
strawberry production was 10,2 million tons. While
China ranks first with 4 million tons of production, the
USA ranks second with 1,3 million tons, and Turkey
ranks third with 728 thousand tons. Poland holds the
eighth position in this ranking with 199 thousand tons.
In terms of cultivation area, Poland ranks third with
31.3 thousand hectares [FAO 2023].

Several challenges occur in strawberry cultivation
in Poland. Among the most significant are climatic
constraints, such as drought, which adversely affect
both plant growth and fruit quality. Additionally, the
Polish climate is highly variable, with unpredictable
winter and spring conditions. Late frosts can damage
strawberry flowers and newly formed fruit, impacting
yield and quality.

In light of these challenges, recent studies empha-
size the potential of combining microbial inoculants
with different irrigation regimes as a strategy to en-
hance strawberry physiology and productivity. Chio-
mento et al. [2024] demonstrated that combinations of
mycorrhizal fungi (AMF), Trichoderma harzianum,
and Ascophyllum nodosum improved strawberry fruit
weight and synchrony under variable water regimes.
Similarly, Haghshenas et al. [2024] showed that inoc-
ulated strawberry plants cultivated in nutrient-limited
substrates exhibited increased root colonization and
enhanced yield parameters.

The beneficial effects of microbial inoculants have
also been documented in other horticultural crops.
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In organic sweet pepper systems, AMF inoculation
combined with drip irrigation led to improved soil
microbial activity and plant health [Jamiotkowska et
al. 2020]. Likewise, Chen et al. [2017] observed that
cucumber seedlings inoculated with consortia of AMF
exhibited superior photosynthetic performance, bio-
mass accumulation, and phosphorus uptake.

Further support comes from a review by Shah-
rajabian et al. [2023], who compiled successful ap-
plications of microbial biostimulants across various
horticultural crops, including tomato and pepper,
highlighting their role in improving plant productiv-
ity and stress tolerance. In strawberries, Todeschini et
al. [2018] reported that beneficial microbes enhanced
fruit yield, nutritional value, and photosynthetic pig-
ment composition. Moreover, Cecatto et al. [2016]
linked increased AMF colonization with elevated lev-
els of phytochemicals and enhanced antioxidant ca-
pacity in strawberry fruit.

The results obtained by Pérez-Moncada et al.
[2024] provided additional field-based evidence that
the integration of AMF and Bacillus spp. contributes
to improved fruit development, chlorophyll biosynthe-
sis, and plant tolerance to water stress in strawberry
cultivation under semi-controlled conditions.

The application of endophytic bacteria in strawber-
ry production has garnered interest. Mei et al. [2021]
explored the potential of endophytic bacteria in im-
proving strawberry growth and yield. Endophytes are
bacteria that reside within plant tissues without caus-
ing harm, and their presence has been associated with
enhanced plant growth, nutrient uptake, and disease
resistance. These researchers demonstrated that cer-
tain endophytic bacteria positively influenced straw-
berry growth parameters and exhibited potential as
biocontrol agents against Botrytis cinerea, a common
fungal pathogen affecting strawberries.

Water deficit is a significant challenge in straw-
berry production, and researchers have investigated
the potential of bacterial inoculants in mitigating its
negative effects. Paliwoda et al. [2022] studied the ef-
fects of rhizosphere bacteria on strawberry plants un-
der water deficit conditions. The results showed that
certain bacterial strains enhanced plant growth, pho-
tosynthetic efficiency, and antioxidant enzyme activi-
ties, thus improving the ability of plants to withstand
water stress.
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Furthermore, the combined effects of bacterial in-
oculants with other agricultural practices have been
investigated. Oregel-Zamudio et al. [2017] explored
the impact of candelilla wax edible coatings combined
with biocontrol bacteria on strawberry quality during
shelf-life. Findings from the study indicated that the
treatments improved the postharvest quality and ex-
tended the shelf-life of strawberries by reducing decay
and maintaining fruit firmness.

Understanding the interactions between bacterial
inoculants and strawberry plants is crucial for devel-
oping sustainable agricultural practices. Further re-
search is needed to unravel the specific mechanisms
by which bacterial inoculants promote strawberry
growth and to optimise their application methods. By
exploiting the potential of bacterial inoculants, straw-
berry growers can enhance crop productivity, reduce
reliance on chemical inputs, and contribute to more
sustainable and environmentally friendly strawberry
cultivation.

The objective of the current study was to evaluate
the effects of bacterial inoculants on the yield, my-
corrhizal colonisation, and photosynthetic efficiency
of strawberry plants in field and pot cultivation under
different irrigation regimes. By examining the results
of studies conducted in the field, valuable insights can
be gained into the mechanisms underlying the positive
effects of bacterial inoculation and their potential ap-
plications in strawberry production.

MATERIALS AND METHODS

Field and pot experiments on strawberry plants
of Rumba and Honeoye cultivars were carried out in
2021, at the National Institute of Horticultural Re-
search in Skierniewice in Ecological Experimental
Field (Central Poland, latitude 51.914210 N, longitude
20.111524 E, 128 meters above sea level).

For the field experiment, due to ecological culti-
vation and the elimination of chemical weed control
methods, the plants were planted on agrotextile (50 cm
wide in experimental rows) and irrigated using a drip
system. The experiment was conducted in four repli-
cates, with each replicate including 75 plants. Straw-
berry plants were purchased from a licensed nursery
and were planted in the field during the third decade
of October 2018.

https://czasopisma.up.lublin.pl/index.php/asphc

In the pot experiment, strawberry plants were
planted in vases also during the third decade of Oc-
tober 2018 filled with podzolic soil, each 40 cm in di-
ameter. Each vase was inserted in the soil of the Eco-
logical Experimental Field and 25 cm from each other.
The pot experiment was planned in seven replications
(vases), each containing three plants.

In the first half of May of 2019, 2020, and 2021,
a certified organic fertiliser, Bioilsa 6-5-13 (NPK),
was applied as a soil application at a dose of 9 g/plant
(350 kg/ha).

The experiment consisted of two blocks irrigat-
ed by drip technique; under one of them, the plants
received the full dose of water (100% irrigated), and
under the second block, the plants received irrigation
with 50% water supply. The water requirements were
adjusted according to the indications of tensiometers
installed in the root zone. Irrigation was scheduled
each morning at 07:00h based on soil-water tension
recorded by tensiometers in the open-field strawberry
crop. When the tensiometer reading reached 30 cbar
(= 30 kPa), the irrigation valve in the 100% block was
opened fully, and in the 50% block it was opened to
exactly half its maximum flow rate, thereby deliv-
ering 100 % and 50% of the target water supply, re-
spectively. During the flowering and fruiting phases,
each irrigation event lasted 30 minutes; in all other
developmental stages, it lasted 20 minutes. This daily,
valve-based adjustment maintained the intended water
regimes under open-field conditions. Each block com-
prised the same three treatments. All treatments under
each block were repeated four times.

— Control plants treated with organic fertiliser Bioil-
sa 6-5-13 (9 g/plant) as a soil application.
— Plants treated with Inoculum 1 of microorganisms

with 9 g/plant of Bioilsa 6-5-13.

— Plants treated with Inoculum 2 with 9 g/plant of

Bioilsa 6-5-13.

Bacterial strains used in inoculants
For the experiments, three non-rhizosphere strains
of bacteria were selected and included in two different
inocula.
I. Inoculum 1: strains:
— C10C09 — Pseudomonas sp. strain isolated from
non-rhizosphere soil under an apple tree in Rowis-
ka, Poland (Fig. 1),
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— AF70AC - Pseudomonas sp., strain isolated from
non-rhizosphere soil under an apple tree in the
Pieprzowe Mountains, Poland (Fig. 2).
Pseudomonas strains exhibit plant growth-promot-

ing potential through mechanisms such as siderophore
production and calcium phosphate solubilisation. Ad-
ditionally, these bacterial strains demonstrate antago-
nistic activity against Verticillium, Fusarium, Botrytis,
and Colletotrichum.

II. Inoculum 2: strain JAFGU — Lysobacter sp.;

strain isolated from non-rhizosphere soil in
a strawberry cultivation field, Skierniewice, Po-
land.

Lysobacter sp. bacterial strain exhibits antagonis-
tic properties against Verticillium, Fusarium, Botrytis,
and Colletotrichum.

The bacteria chosen for the study produced second-
ary metabolites toxic to Verticillium, Fusarium, Botry-
tis and Colletotrichum. Additionally, the AF70AC and
C10C09 produced the siderophores and were able to
dissolve calcium phosphate in in vitro conditions. The
strains from inoculum 1 did not have antagonistic ac-
tivity toward each other.

The composition of the medium per litre for cul-
turing bacterial strains consisted of 0.25 g glucose,
0.3 g soy peptone, 1.7 g casein peptone, 0.5 g NaCl
and 0.25 g K. HPO,.

The bacteria were identified by sequencing the
gene encoding the 16S rRNA subunit. The GeneMa-

Fig. 1. Strain C10C09 — Gram staining. Material taken from
a 24-hour culture (PCA medium)
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trix Bacterial & Yeast Genomic DNA Purification Kit
(EURX) was used to isolate DNA, and the 16S rRNA
gene was amplified using the primer pair 27F/1492R
[Lane 1991]. The obtained DNA sequences were com-
pared to NCBI data using the BLAST tool (National
Center for Biotechnology Information, https:/blast.
ncbi.nlm.nih.gov/Blast.cgi?’PAGE TYPE=Blast-
Search).

All strains used in this study are preserved in
a sterile solution consisting of glycerol (30%), pep-
tone (0.5%), yeast extract (0.3%), and distilled water
(69.2%) and stored at —80 °C in SYMBIO-BANK
microorganism collection maintained by the Nation-
al Institute of Horticultural Research, Department of
Microbiology and Rhizosphere, Skierniewice, Poland.

Microbial inoculants were applied in 2019, 2020
and 2021 to the soil under the plants in strawberry cul-
tivation using tractor-mounted sprayers equipped with
‘dropleg’ lances. The mounting of the “dropleg” lanc-
es allows for the adjustment of their position to match
the row spacing of the crops and their tilt from the
vertical according to the plant size. In the strawberry
plantation, TF10 nozzles were used at a pressure of
3.4 bar. In the pot experiment, the microbial inoculants
were applied to the soil using a backpack sprayer.

The present experiment was conducted in 2021 fol-
lowing two consecutive annual applications of the mi-
crobial inoculants (2019-2020). Although positive ef-
fects of microbial inoculation can be detected already in

Fig. 2. Strain AF70AC — Gram staining. Material taken from
a 48-hour culture (PCA medium)
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Fig. 3. Monthly precipitation at the experimental site (data from the weather station located in the Experimental Orchard)

the first year, both our investigations and international
studies on orchard crops, including strawberry, demon-
strate that the most pronounced and reproducible effects
manifest in the second and third years of treatment.

The evaluation of strawberry plant roots for the
presence of arbuscular mycorrhizal fungi growing
under field and growth pot conditions

In September 2021, the root systems of Rumba
and Honeoye strawberry plants were sampled from
field and pot experiment (growth vases) to analyse the
degree of mycorrhizal colonisation. Microbiological
analyses of rhizosphere soil samples were performed
on the same dates as fluorescence measurements (July
and August 2021). The plants were treated with bacte-
rial strains included in Inoculum 1 (plant growth-pro-
moting potential) — C10C09, AF70AC (Pseudomonas
spp.), and Inoculum 2 (antagonistic properties against
pathogens) — JAFGU (Lysobacter sp.).

Segments of the root systems of strawberry (10 g
from each replication) were collected from experi-
ments and stained using the method developed at the
Rhizosphere Laboratory of the National Institute of

https://czasopisma.up.lublin.pl/index.php/asphc

Horticulture Research in Skierniewice [Derkowska
et al. 2015]. Subsequently, microscopic preparations
were made and analysed using a Nikon 501 micro-
scope (objectives at magnifications: 20x, 40x, 60x,
100x), and photographic documentation of observed
mycorrhizal structures was conducted. The assess-
ment of root colonisation by arbuscular mycorrhizal
fungi naturally present in the soil was performed using
the Trouvelot method [1986]. Based on the obtained
results, mycorrhizal frequency (F%), mycorrhizal in-
tensity (m%, M%), and arbuscule abundance (a%, A%)
were calculated using the MYCOCALC computer pro-
gram, available on the website: http://www2.dijon.inra.
fr/mychintec/Mycocalc-prg/MYCOCALC.EXE. The
following parameters were observed: F — mycorrhizal
frequency, M — relative mycorrhizal intensity, m — ab-
solute mycorrhizal intensity, a — absolute abundance of
arbuscular, and A — relative abundance of arbuscules.

Evaluation of strawberry fruits yield

The fruits of the strawberry varieties Rumba and
Honeoye were harvested at full maturity twice a week
for three weeks. The field experiment was planned in
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four replications, each comprising 75 plants. The pot
experiment was planned in seven replications (vases),
each containing 3 plants.

Chlorophyll a fluorescence measurements

Chlorophyll fluorescence was determined during
the 2021 growing season. Measurements were carried
out in July and August 2021, corresponding to the fruit
development and ripening stages (generative phase) of
the crop. All fluorescence readings were taken in the
morning between 08:30 and 11:00 h, immediately fol-
lowing scheduled irrigation events; thus, soil moisture
was at or very near field capacity at the time of mea-
surement.

Chlorophyll fluorescence was measured after fruit
harvest during July—August 2021 in an open-field crop.
Readings were taken in the morning (08:30-11:00 h)
following irrigation, when soil moisture was at field
capacity.

Chlorophyll fluorescence parameters were recorded
on fully expanded leaves using a portable Pulse Am-
plitude Modulation (PAM) Chl fluorometer (FMS-1,
Hansatech Instruments Ltd., King’s Lynn, Norfolk,
United Kingdom). The measurements were performed
in 3 replications, each containing 10 plants. For mea-
surements one leave was taken for each plant. The
measurements were taken at the same time of day.
The fibre optic of the FMS-1 was positioned using
the PPF/temperature leaf clip at a 60° angle from the
upper surface of the leaf, and the distance between
the leaf surface and the fiber optic was kept constant
for all measurements. Before chlorophyll a fluores-
cence measurements, the leaves were dark-adapted for
30 min to obtain oxidoreduction equilibrium of PSII-
-PSI electron transport carriers.

The following parameters of chlorophyll fluo-
rescence after dark adaptation were measured: F —
minimum fluorescence or initial fluorescence. This
parameter indicates the excitation energy loss during
its transmission from the energetic antennas to the
PSII reaction centre, F,, — maximum fluorescence is
attained when the dark-adapted sample is exposed to
an intense saturating pulse of light. F,, — variable flu-
orescence; F,, = F, — F . The value of this parameter
depends on the maximum quantum yield of PSII.

F /F,, — the maximum potential photochemical re-

action efficiency in PS 11,
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F/F, — the activity of PS II — the maximum effi-
ciency of water decomposition on the donor side
of PSII.

The following parameters of light-adapted leaves
were measured:

- @, — quantum yield of photosystem II photo-
chemistry is directly associated with the electron
transfer rate in PSII toward biochemical processes.
This parameter measures the proportion of the light
absorbed by PSII that is used in photochemistry
and provides the rate of linear electron transport
and so indicates overall photosynthesis,

— qP — photochemical quenching,

— gNP — non-photochemical quenching,

— ETR —electron flow rate through photosystems,

— Rfd - vitality index. A measure of potential pho-
tosynthetic activity under given light conditions
and the interaction of the light-phase reaction with
biochemical reactions in the dark phase of photo-
synthesis.

Statistical analyses

The experiments for determining strawberry fruit
yield in the field experiment, the presence of arbus-
cular mycorrhizal fungi and chlorophyll fluorescence,
were performed in four replications. The least signif-
icant differences (LSD) were calculated at the level
of p = 0.05 for all experimental data. The results were
statistically analysed by one-way analysis of variance in
a random block design. Multiple comparisons of means
for the combinations were performed with Tukey’s test
at a significance level of o = 0.05 using STATISTICA
v.13.3 software [TIBCO Software Inc., 2017].

RESULTS

Fruit yield of strawberry

The obtained results showed that irrigation with
100% supply of strawberry plants grown in the field
significantly increased the fruit yield per plant in cul-
tivars Rumba and Honeoye in comparison to irriga-
tion with 50% water supply (Fig. 4). Additionally, the
application of Inoculum 1 or 2 significantly increased
the yield of the strawberry plant. The most beneficial
effects were observed after the applications of Inocu-
lum 1 and in Rumba plants grown under 100% water
supply. Due to such treatments, the strawberry fruit

https://czasopisma.up.lublin.pl/index.php/asphc
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yield per plant increased by 8% compared to control
plants. Under 50% water supply conditions, the most
profitable result was noted after the treatment of Inoc-
ulum 2 with antagonistic properties against pathogens.
Due to such treatment, the fruit yield increased by 4%
compared to control. In the case of the cultivar Ho-
neoye, the application of Inoculum 1 and 2 showed
a tendency to increase the fruit yield of plants grown
under irrigation with 100% water supply.

In the pot experiments, the yield of strawberry
fruits of cultivars Rumba and Honeoye also depended
on the irrigated regime (Fig. 5). Plants grown in ful-
ly irrigated (100% water supply) pots yielded much
higher than plants irrigated with 50% water supply.
Under the conditions of 100% water supply, the ap-

Rumba
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plication of Inoculum 2 was the most advantageous
compared to control. It concerned both Rumba and
Honeoye plants. However, plants grown in conditions
with a 50% water supply yielded significantly higher
after Inoculum 1 and 2 applications than those grown
in the control.

The effects of bacterial inoculants on the presence
of arbuscular mycorrhizal fungi growing
in different irrigation regimes

The laboratory analyses of Rumba strawberry
plants conducted in the field experiment showed that
the roots treated with Inoculum 2 and grown under
conditions of 50% of water supply were the most fre-
quently and intensely colonised by arbuscular mycor-

Honeoye
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Fig. 4. In the field experiment (Ecological Experimental Field), the effect of microbiological inocula on the yield of Rumba
and Honeoye cultivars of strawberry plants. The data within the variety and the irrigation regime, as well as with the same
letter, do not differ significantly according to Tukey’s test (5%). Values are the means of four replications, each comprising
75 plants
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Fig. 5. In the pot experiment, the effect of microbiological inocula on the yield of Rumba and Honeoye cultivars of straw-
berry plants. The data within the variety and the irrigation regime, as well as with the same letter, do not differ significantly
according to Tukey’s test (5%). Values are the means of four replications, each comprising 75 plants
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rhizal fungi (AMF — 62.22%) — Table 1, Figs 6-9. The
application of Inoculum 1 also resulted in increased
root colonisation by mycorrhizal fungi (52.22%).
Similar beneficial results were also observed, but to
a lesser extent, under 100% of water supply. After the
application of Inoculum 2 and 1, the degree of mycor-
rhizal frequency (F%) increased to 51.11 and 42.22%,
respectively.

As a result of the conducted laboratory analyses, it
was observed — Figures 6-9.

Similar results were obtained in the case of Ho-
neoye plants grown in the pot experiment (Table 2).
The most pronounced effect was the application of In-
oculum 2 with antagonistic properties against patho-

gens, both under 100% and 50% water supply. Due to
such treatment, the colonisation of roots by arbuscu-
lar mycorrhizal fungi increased to 65.56 and 64.44%,
respectively. The slight difference between the two
conditions of water regimes (100% and 50% water
supply) suggests that water supply did not affect the
colonisation of roots by the arbuscular mycorrhizal
fungi. Inoculum 2 had the most significant impact on
mycorrhizal intensity in the roots of strawberry plants
of the Honeoye variety. The application of Inoculum 1
also remarkably improved this parameter under 100%
and 50% water supply. Due to such treatment, the col-
onisation of roots by arbuscular mycorrhizal fungi in-
creased to 52.22 and 53.33%, respectively.

Table 1. The effect of treating strawberry plants of Rumba variety with microbial inocula, grown under various water con-
ditions, on the degree of mycorrhizal frequency (F%), mycorrhizal intensity (m%, M%), and arbuscular abundance (a%,
A%) in the field experiment. The data within the column and with the same letter, do not differ significantly according to

Tukey’s test (5%)

100% water 50% water
Treatment
F% M% m% a% A% F% M% m% a% A%
Control 27.78a 2.33a 8.39a 0 0 35.56ab 2.22ab 6.23a 0 0
Inoculum 1 42.22b 3.02a 7.17a 0 0 52.22¢ 3.34ab 6.34a 0 0
Inoculum 2 51.11¢c 3.71ab 7.29a 0 0 62.22d 4.74b 7.59a 0 0

Fig. 6. Mycorrhizal hyphae in the roots of Rumba strawberry
plants grown under 100% water supply conditions and treat-
ed with Inoculum 2 (field experiment)
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Fig. 7. Vesicle in the roots of Rumba strawberry plants
grown under 100% water supply conditions and treated with
Inoculum 2 (field experiment)
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Fig. 8. Mycorrhizal hyphae in the roots of Rumba strawberry
plants grown under 50% water supply and treated with Inoc-
ulum 2 (field experiment)

Fig. 9. Vesicles in the roots of Rumba strawberry plants
grown under 50% water supply and treated with Inocu-
lum 2 (field experiment)

Table 2. The influence of treating strawberry plants of the Honeoye variety with microbial inocula, grown under various
water conditions, on the degree of mycorrhizal frequency (F%), mycorrhizal intensity (m%, M%), and arbuscular abundance
(a%, A%) in the field experiment. The data within the column and with the same letter, do not differ significantly according
to Tukey’s test (5%)

100% water 50% water
Treatment
F% M% m% F% M% m%
Control 36.67a 3.43a 9.31a 34.45a 2.68a 7.81a
Inoculum 1 52.22b 4.50a 8.59a 53.33b 3.68a 6.90a
Inoculum 2 65.56¢ 4.67a 7.10a 64.44¢ 4.33a 6.67a

As a result of the conducted laboratory analyses, it
was observed — Figures 10—13.

The laboratory results obtained from the pot ex-
periment with Rumba demonstrated the highest abun-
dance of arbuscula in the root cells due to the appli-
cation of Inoculum 1 (Table 3). After treatment with
these inocula, the abundance of arbuscula in the root
cells increased both under 100% and 50% water sup-
ply to 40,96 and 29,09%, respectively. Additionally,
the application of Inoculum 2 increased the degree
of mycorrhizal association in plant roots both under
100% and 50% water supply. As a result of water re-
striction, the application of Inoculum 2 increased the
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degree of mycorrhizal association in their roots. Under
the influence of Inoculum 1 application, Rumba straw-
berry plant roots formed arbuscules with the highest
abundance.

Similar results were obtained in the case of Ho-
neoye plants grown in the pot experiment (Table 4,
Figs 10-13). Inoculum 2 significantly increased the
colonisation of roots by arbuscular mycorrhizal fungi.
The applied plant watering method did not influence
the obtained results. The enhancement of AMF colo-
nisation and abundance of arbuscules in Rumba and
Honeoye strawberries was observed particularly with
Inoculum 2 under examined water regimes.
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Fig. 10. Mycorrhizal hyphae in the roots of strawberry plants
of Honeoye treated with Inoculum 2, grown under 100%

water supply conditions (pot experiment)

Fig. 12. Spores in the roots of strawberry plants of Honeoye
variety treated with Inoculum 2, grown under 50% water
supply conditions (pot experiment)

Fig. 11. Vesicles in the roots of strawberry plants of Hone-
oye treated with Inoculum 2, grown under 100% water sup-
ply conditions (pot experiment)

Fig. 13. Vesicles in the roots of strawberry plants of Hone-
oye variety treated with Inoculum 2, grown under 50% wa-
ter supply conditions (pot experiment)

Table 3. Effect of treating Rumba variety strawberry plants with inocula of microorganisms growing in different water
conditions on the presence of arbuscular mycorrhizal fungi in the roots in the pot experiment. The data within the column
and with the same letter, do not differ significantly according to Tukey’s test (5%)

100% water 50% water
Treatment
F% M% m% a% A% F% M% m% a% A%
Control 71.11a 6.24a 8.95a 34.05ab 2.23a 50.0a 448a 8.8la 14.19a 0.75a
Inoculum 1 68.69a 69la 10.0l1a 40.96b 2.90a 58.89a 498a 8.34a 29.09ab 1.45a
Inoculum 2 66.67a 6.25a 9.28a 39.0b 2.56a 66.67a 5.56a 843a 20.63ab 1.15a
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Table 4. Effect of treating Honeoye variety strawberry plants with inocula of microorganisms growing in different water
conditions on the presence of arbuscular mycorrhizal fungi in the roots in the pot experiment. The data within the column
and with the same letter, do not differ significantly according to Tukey’s test (5%)

100% water 50% water
Treatment
F% M% m% a% A% F% M% m% a% A%
Control 47.78a 3.77a 7.87a 9.70a 0.39a 47.78a 3.21a 6.63a 12.66a 0.39a
Inoculum 1 61.11bc 4.8lab 7.86a 30.62ab 1.48a 60.0ab 4.43ab 7.37a 16.78a 0.73a
Inoculum 2 7889¢c 7.65b 9.69a 55.88b 423b 68.89bc 6.18ab  8.69a 37.94ab 2.48ab

The effects of bacterial inoculants application
on the photosynthesis efficiency in strawberry leaves
In the field experiment with strawberry plants, the
irrigation in 50% water supply negatively affected the
maximum quantum yield of PSII (F /F,,) and quantum
efficiency of photochemical reaction in PSII (@),
photochemical quenching (qP) and the vitality index
compared to plants irrigated in 100% supply (RDF) —
Fig. 14. The most harmful effect of reduced irrigation
was observed in Honeoye cultivar, which produced a
significant decrease in F /F,, ®PSII, qP and RDF.

The application of Inoculum 1 and 2 positively
affected Honeoye plants in both irrigated with 100%
and 50% water supply plots. Its beneficial effects were
visible in regard to the maximum efficiency of photo-
chemical reaction (F /F ), the quantum efficiency of
photochemical reaction in PSII (®, ) and the maxi-
mum efficiency of water decomposition in PSII (F/
F ). In Rumba plants, the beneficial effect of both inoc-
ula applications was visible in irrigated in 50% water
supply plots. Due to such treatments, the maximum
quantum yield of PSII (F/F, ) and the maximum ef-
ficiency of water decomposition in PSII (F,/F ) were
improved.

In the pot experiment, the irrigation regimes did not
affect the parameters of fluorescence activity in leaves
(RDF) — Fig. 15. However, the application of inocu-
la positively affected the photosynthesis efficiency in
both Rumba and Honeoye strawberry plants. Plant
treatments with Inoculum 1, in most cases, stimulated
the maximum efficiency of photochemical reaction
(F,/F,,), quantum efficiency of photochemical reaction
in PSII (@), photochemical quenching (qP), elec-
tron flow rate through photosystems (ETR), maximum
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efficiency of water decomposition in PSII (F,/F ) and
the vitality index (Rfd). In the case of 50% water sup-
ply, the best effect was observed after Inoculum 2.
Especially in Honeoye plants. Due to such treatment,
maximum efficiency of photochemical reaction (F/
F,,), quantum efficiency of photochemical reaction in
PSIT (®,,,), photochemical quenching (qP), maximum
efficiency of water decomposition in PSII (F,/F ) and
the vitality index (Rfd).

DISCUSSION

The widespread occurrence of drought stress poses
a significant threat to crop yields worldwide, leading
to a substantial decrease in the productivity of many
crops due to water scarcity [Song et al. 2023, Ma-
zurek-Kusiak et al. 2021]. Moreover, drought stands
out as one of the most significant environmental fac-
tors limiting the agricultural production of strawber-
ries globally, adversely affecting the anatomical, phys-
iological, and enzymatic characteristics of plants [Fig,
3; Khan 2023]. In strawberry plants, reduced irrigation
typically leads to smaller fruit size and lower yield due
to their shallow root system, large leaf area, and suc-
culent texture. As a result, they are highly vulnerable
to water deficiency-induced damage, which ultimately
reduces biomass and crop yield [Zahedi et al. 2023].
Furthermore, plants are highly susceptible to mineral
deficiencies caused by inadequate soil moisture and
reduced mobilisation of minerals within plant tissues
[Zahedi et al. 2023]. The results obtained from the
present study clearly indicated that reducing the water
supply to 50% significantly decreased the fruit yield
per strawberry plant in cultivars Rumba and Honeoye
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Fig. 14. The effect of microbiological inocula application in the field experiment on the photosynthesis efficiency of
Rumba and Honeoye cultivars of strawberry plants in the field experiment. Maximum efficiency of photochemical
reaction (Fy/Fy), quantum efficiency of photochemical reaction in PSII (®psi), photochemical quenching (qP), non-
photochemical quenching (qNP), electron flow rate through photosystems (ETR), maximum efficiency of water de-
composition in PSII (Fyv/Fo) and the vitality index (Rfd). The data within the variety and with the same letter do not
differ significantly according to Tukey’s test (5%). Values are the means of four replications, each comprising

75 plants

compared to irrigation with 100% water supply. Fur-
thermore, the diminishing water supply also caused
a decrease in photosynthesis efficiency expressed by
fluorescence activity in leaves. This was observed
both in the field and pot conditions.

However, the present study showed that the ap-
plication of Inoculum 1 (CO9EX — Pseudomonas sp.,
Ps150AB Pseudomonas sp.) or 2 (JAFGU — Lyso-
bacter sp.) significantly increased the fruit yield of
strawberry plants. The most beneficial effects were
observed after applying Inoculum 1 to Rumba plants
grown under 100% water supply. Under 50% water
supply conditions, the most profitable outcome was
observed following treatment by Inoculum 2. Apply-
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ing Inoculum 1 and 2 increased fruit yield in Honeoye
cultivar plants grown with 100% water supply. Previ-
ous research also showed that the treatments of straw-
berry roots with SP116AC and JaFGU (Lysobacter
sp.) resulted in a significant increase in the total leaf
surface, the total length of roots, and their total surface
area [Trzcinski et al. 2021]. In pot experiments, the ap-
plication of Inoculum 2 was beneficial under full irri-
gation, while the applications of Inoculum 1 and 2 in-
creased yields similarly under 50% irrigation. Wang et
al. [2024] also reported that Pseudomonas fluorescens
could enhance biofilm formation and rhizosphere col-
onisation, which was probably essential in promoting
strawberry growth.
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Fig. 15. The effect of microbiological inocula on photosynthesis efficiency on the basis of fluorescence activity in
leaves of Honeoye cultivars in the pot experiment. Maximum efficiency of photochemical reaction (Fv/Fy), quantum
efficiency of photochemical reaction in PSII (®@psi), photochemical quenching (qP), non-photochemical quenching
(qNP), electron flow rate through photosystems (ETR), maximum efficiency of water decomposition in PSII (Fv/Fo)
and the vitality index (Rfd). The data within the variety and with the same letter do not differ significantly according
to Tukey’s test (5%). Values are the means of 7 replications, each comprising 3 plants

The study demonstrated the significant impact of
microbial inocula on the root colonisation of Rum-
ba and Honeoye strawberry plants. Inoculum 2, es-
pecially under reduced water supply, resulted in the
highest levels of AMF colonisation in Rumba plants.
This indicates that water stress might enhance mycor-
rhizal effectiveness. Inoculum 1 also increased AMF
colonisation, though less effectively than Inoculum 2.
Interestingly, no arbuscules were observed in the root
segments of Rumba plants, suggesting that specific
conditions may have resulted in their complete ab-
sence. Similar beneficial effects of the inoculants were
noted in Honeoye plants, with Inoculum 2 showing
the most pronounced impact on AMF colonisation re-
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gardless of water supply levels. The slight differences
between the water regimes indicate that water avail-
ability had minimal effect on AMF colonisation in
Honeoye plants. The pot experiment further supported
these findings, with Inoculum 1 significantly increas-
ing the abundance of arbuscules in Rumba roots. Both
inocula improved mycorrhizal associations in Hone-
oye roots, with Inoculum 2 having a notable impact on
mycorrhizal intensity and arbuscule abundance. These
findings suggest that water stress may enhance AMF
colonisation, particularly with Inoculum 2, offering
strategies to improve strawberry resilience and adapt-
ability under varying water availability. Chiomento
et al. [2019, 2021] also reported that inoculation with
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arbuscular mycorrhizal fungi improves strawberry
growth and development, yield, fruit quality and over-
all performance, leading to more profuse root sys-
tems and increased fruit anthocyanin content. Similar
to the findings on Rumba plants, it has been shown
that water stress can enhance AMF colonisation. For
instance, a study by Borowicz [2010] observed that
AMF can improve water relations, thereby increasing
the host plant’s tolerance to drought stress. Hernan-
dez-Sebastia et al. [1999] demonstrated that AMF col-
onisation could improve water content in strawberry
plants, leading to better water status and higher rela-
tive water content (RWC) under high humidity con-
ditions. Hernandez-Sebastia et al. [2000] found also
that strawberry plantlets inoculated with AMF had
distinct amino acid and starch concentration chang-
es under water stress compared to non-mycorrhizal
plants, suggesting specialised adaptation strategies.
Research by Zhu et al. [2010] on maise showed that
AMEF symbiosis improves plant growth, water status,
and photosynthetic capacity under stress conditions.
The absence of arbuscules in Rumba plants under
specific conditions suggests that environmental fac-
tors and the type of AMF can influence arbuscule for-
mation. Moradtalab et al. [2019] demonstrated that
both AMF and silicon could synergistically enhance
strawberry plant growth under drought by increasing
mycorrhizal intensity and nutrient uptake, indicating
complex interactions affecting arbuscule formation.
The observed enhancement of AMF colonisation in
Rumba and Honeoye strawberries under different
water regimes, particularly with Inoculum 2, is con-
sistent with the broader scientific literature. Water
stress appears to enhance AMF effectiveness, offer-
ing potential strategies for improving plant resilience
and adaptability [Pérez-Moncada et al. 2024, Raturi
et al. 2023, Silva et al. 2023].

The presented data indicated that reduced irrigation
significantly impaired several parameters associated
with photosynthetic efficiency in strawberry plants,
especially in Honeoye cultivar. This negative impact
is evident in the decreased maximum quantum yield
of PSII (F,/F,,) and quantum efficiency of photochem-
ical reaction in PSII (@), as well as diminished pho-
tochemical quenching (qP) and vitality index (Rfd).
In a study by El-Beltagi et al. [2022], drought stress
(40% and 80%) led to decreased net photosynthetic
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rate, stomatal conductance and transpiration rate. The
present findings suggest that Honeoye is particularly
susceptible to water stress, which emphasises the im-
portance of adequate irrigation for maintaining its pho-
tosynthetic performance. Conversely, the application
of Inoculum 1 and Inoculum 2 showed positive effects
on the photosynthetic efficiency of both Honeoye and
Rumba cultivars under varying irrigation conditions.
These inocula appear to mitigate the adverse effects
of water deficit, as demonstrated by the improved F,/
F,,, ®PSII, and F /F values in treated plants. In par-
ticular, the positive impact of inocula was more evi-
dent in Honeoye plants exposed to 50% reduction in
water supply, emphasising their potential to improve
drought resistance. Valle-Romero et al. [2023] have
found that biofertilisation with plant growth-promot-
ing bacteria (PGPB) improves the photosynthetic ef-
ficiency of strawberry plants under water stress by in-
creasing the net photosynthetic rate and intrinsic water
use efficiency.

In the pot experiments, where irrigation regimes
did not influence fluorescence parameters, the pos-
itive role of the inocula in enhancing photosynthet-
ic efficiency was still evident. It suggests that the
application of these inocula can stimulate photo-
synthetic efficiency regardless of irrigation condi-
tions. Inoculum 1 consistently stimulated param-
eters such as F /F , ®PSIIL, qP, electron flow rate
(ETR), F/F, and the vitality index (Rfd) in leaves
of both cultivars. The importance of arbuscular
mycorrhizal fungi (AMF) in enhancing the photo-
synthetic efficiency of micropropagated strawber-
ry plants under drought stress in greenhouse con-
ditions has been emphasised [Borkowska 2002].
It was suggested that the main limitation under rel-
atively severe conditions was stomatal closure due
to photosynthetic limitations [ Yokoyama et al. 2023].

Under reduced water supply conditions, Inoculum
2 appeared as especially effective in improving the
photosynthetic parameters in Honeoye plants. It indi-
cated that specific microbial inocula can offer benefits
depending on the cultivar and environmental stressors.
The improvement in quantum efficiency, photochemi-
cal quenching, and vitality index in Inoculum 2-treat-
ed plants suggests a potential strategy for maintaining
high photosynthetic efficiency under suboptimal irri-
gation. This novelty of the present research includes

https://czasopisma.up.lublin.pl/index.php/asphc



Gornik, K., Sas-Paszt, L., Derkowska, E., Mosa, W.F.A., Trzcinski, P., Gtuszek, S. (2025). Effects of bacterial inoculants and irrigation regimes
on yield, mycorrhizal colonisation, and photosynthetic efficiency in strawberry cultivars. Acta Sci. Pol. Hortorum Cultus 24(4), 17-35.

htttps://doi.org/10.24326/asphc.2025.5492

the identification of specific microbial inocula that
improved strawberry fruit yield, AMF colonisation
and photosynthetic efficiency, especially under water
stress conditions, providing innovative strategies for
improving crop resilience and productivity.

Further research is needed to explore the underly-
ing mechanisms by which these inocula enhance the
yield of strawberry fruit, the efficiency of photosyn-
thesis in leaves, and arbuscular mycorrhizal fungi, es-
pecially for vulnerable varieties to water stress. The
research also shows the potential of using microbial
inocula to mitigate the adverse effects of reduced irri-
gation. Further research is needed to understand how
these interventions enhance plant productivity under
varying environmental conditions. These findings
contribute to the knowledge of sustainable agriculture
and the use of inocula to improve crop resilience to
environmental stressors.

CONCLUSIONS

The presented study provides substantial evi-
dence of the critical role that irrigation regimes and
microbial inocula play in influencing the productivi-
ty, root mycorrhizal colonisation, and photosynthetic
efficiency of strawberry plants. The results indicate
that full irrigation (100% water supply) significantly
increased fruit yield compared to reduced irrigation
(50% water supply). Applying bacterial inoculants,
specifically Inoculum 1 (Pseudomonas spp.) and In-
oculum 2 (Lysobacter sp.), further enhances yield,
with Inoculum 1 being most effective under full irri-
gation and Inoculum 2 under reduced irrigation. Root
colonisation by arbuscular mycorrhizal fungi (AMF)
was markedly improved by both inocula, particularly
Inoculum 2, irrespective of the irrigation level, sug-
gesting its potential role in enhancing plant resilience
to water stress. Photosynthetic efficiency parameters,
including the maximum quantum yield of PSII (F,/F )
and quantum efficiency of photochemical reaction in
PSIT (®,,,), were significantly impaired by reduced ir-
rigation, especially in the Honeoye cultivar. However,
these adverse effects were substantially mitigated by
applying microbial inocula, which improved photo-
synthetic performance under both irrigation regimes.
These findings emphasise the potential of microbial
inocula as a sustainable agricultural strategy to miti-
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gate the adverse effects of water scarcity on strawberry
plants. Future research should focus on elucidating the
underlying mechanisms by which these inocula en-
hance plant productivity and resilience under various
environmental conditions, thereby optimising their ap-
plication for diverse agricultural practices.
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