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Exploring through the use of
physiological and isotopic
techniques the potential of a
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improve nitrogen fertilization
practices efficiency in
strawberry cultivation
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de Sevilla (CITIUS), Seville, Spain, 2Departamento de Biologı́a Vegetal y Ecologı́a, Facultad de Biologı́a,
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The use of microorganisms as a biofertilizer in strawberry has focused mainly on

pathogen biocontrol, which has led to the underestimation of the potential of

microorganisms for the improvement of nutritional efficiency in this crop. A

study was established to investigate the impact of a plant growth-promoting

rhizobacteria (PGPR) based biofertilizer integrated by self-compatible stress

tolerant strains with multiple PGP properties, including atmospheric nitrogen

fixation, on strawberry (Fragaria × ananassa cv. Rociera) tolerance to N deficiency

in terms of growth and physiological performance. After 40 days of nitrogen

fertilization shortage, inoculated plants were able to maintain root development

and fertility structures (i.e. fruits and flowers) at a level similar to plants properly

fertilized. In addition, inoculation lessened the negative impact of nitrogen

deficiency on leaves’ dry weight and relative water content. This effect was

mediated by a higher root/shoot ratio, which would have allowed them to

explore larger volumes of soil for the acquisition of water. Moreover,

inoculation was able to buffer up to 50% of the reduction in carbon

assimilation capacity, due to its positive effect on the diffusion efficiency of

CO2 and the biochemical capacity of photosynthesis, as well as on the activity of

photosystem II light harvesting. Furthermore, the higher leaf C/N ratio and the

maintained d15N values close to control plants were related to positive bacterial

effects at the level of the plant nutritional balance. Despite these positive effects,

the application of the bacterial inoculum was unable to completely counteract
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the restriction of fertilization, being necessary to apply a certain amount of

synthetic fertilizer for the strawberry nutrition. However, according to our results,

the complementary effect of this PGPR-based biofertilizer could provide a higher

efficiency in environmental and economic yields on this crop.
KEYWORDS

chlorophyll fluorescence, intensive farming practices, gas exchange, PGPR-based
biofertilizers, nitrogen, strawberry
1 Introduction

Crop intensification, which increases crop yields to satisfy the

increasing demand for resources of a continuously growing

worldwide population by using a large amount of inputs such as

water, biocides and fertilizers, has been associated with important

environmental problems (Foley et al., 2011; Tilman et al., 2011;

Davis et al., 2016). Among the primary detrimental effects on the

environment are land use change, greenhouse gas emissions due to

agricultural mechanization, the steady depletion of global water

resources (Falkenmark and Rockström, 2004; Mekonnen and

Hoekstra, 2014) and their contamination due to excessive farm

use of nitrogen fertilizers.

Nitrogen contamination by the fertilization process of intensive

farming practices has been recognized as one of the main factors

that release several undesired effects, such as contamination of

water bodies and/or lost biodiversity that jeopardize ecosystem

conservation (Barros et al., 2012; Martinez-Dalmau et al., 2021).

This problem is even more serious if one considers that current

nitrogen fertilization practices are highly inefficient. In fact, half of

the supplied N fertilizer has been described to be lost and therefore

not used by crops (Billen et al., 2013; Marinov and Marinov, 2014)

and with the consequent economic impact and environmental risk.

The European Union Farm-to-Fork Strategy envisages as one of

its main objectives to limit nutrient losses by a minimum 50% by

2030 by reducing fertilizer application in agricultural practices by at

least 20% (EUR-Lex - 52019DC0640). Significant economic and

environmental costs associated with excessive fertilizer application

and reduced growth and economic return resulting from nutrient

deficiencies are strong incentives to optimize fertilizer application

by striking a balance (Morales and Warren, 2012).

Intensive work has been done to optimize N fertilization

practices in intensive crops. Among them are included: (i)

development of breeding programs to obtain more efficient crops

in nitrogen absorption (Hartmann et al., 2015; Xu et al., 2023); (ii)

the use of innovative stabilized fertilizers (Yadav et al., 2016; Xu

et al., 2023) (iii); the implementation of more precise fertilizer

application techniques (Xu et al., 2023); and (iv) carry out a

fertilizer application adjusted to the knowledge of the real needs

of the crop and nutritional soil characteristics (Lhada et al., 2005;

Arregui and Quemada, 2006). Although there have been advances,

intensive crop cultivation still uses a large amount of agrochemicals,

with the consequent economic costs for producers and the
02
aforementioned ecological risk. For this reason, one of the main

goals of intensive farming is to boost research aimed at optimizing

the fertilization process, minimizing the use of chemical fertilizers

and thereby reducing production costs, and preventing those risks

caused by the leaching of these compounds to surface and

underground waters.

The microbiota naturally present in the soil or supplied in the

form of biofertilizers appears as a promising tool to maintain

intensive agricultural production, by improving soil conditions

(Ruzzi and Aroca, 2015; Zaidi et al., 2015). In this way, some

beneficial bacteria, collectively known as plant growth-promoting

rhizobacteria (PGPR), have a positive impact on plants by

contributing to the growth of the root system or by strengthening

plant tolerance to a number of environmental stresses, including

nutritional-induced stress (Glick, 2012). These positive effects are

mediated through different direct positive impacts of bacterial

properties (Adesemoye et al., 2009), such as atmospheric nitrogen

fixation, siderophores production with improved iron uptake,

phosphorous solubilization, and biofilm formation, which

improves bacterial adhesion to root tissue, facilitating plant

nutrient uptake (Glick, 2012; Spolaor et al., 2016; Valle-Romero

et al., 2023). Furthermore, other bacterial properties such as auxin

production play a prominent role in root development and

therefore in improving plant capacity to explore soil volume and

absorb nutrients (Remans et al., 2008; Ljung, 2013). Despite the

potential of using PGPR to enhance the productivity of different

intensive crops (Glick, 2012; Zaidi et al., 2015), there are a small

number of commercialized biofertilizers consisting of PGPR

consortiums (Etesami and Maheshwari, 2018), a fact that calls for

the need to design PGPR-based biofertilizer to reduce the

dependence of intensive agriculture on the application of large

amounts of chemical input.

Strawberry (Fragaria × ananassa cv. Rociera) is a useful plant to

investigate the effect of PGPR-based biofertilizers on plant tolerance

and nutritional balance under the scenario of chemical nitrogen

fertilization shortage, as this is a world-important crop in terms of

yield and economical cost effectiveness (FAO, 2023), especially

under the integrated production system within plastic

greenhouses using a drip irrigation and fertilization system

(Balasooriya et al., 2018). In addition, its intensive farming

character makes it highly dependent on a great amount of input

application, such as chemical fertilizers (Martıńez-Ferri et al., 2016).

Thus, fertirrigation takes place throughout the production cycle
frontiersin.org
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with high daily frequency, as most crops in the southwest of Spain

are characterized by low retention capacity of water and fertilizers

(Ariza et al., 2012). These aspects have led to environmental issues

such as pollution of water bodies by residues of chemical fertilizers

(Bottoms et al., 2013; Lozano et al., 2016). This is particularly

important in areas at increased risk of environmental degradation,

such as Doñana National Park, a UNESCO World Heritage Site

where many strawberry crops are located in Spain.

Taking these aspects into account, we hypothesize that a PGPR-

based biofertilizer designed with self-compatible stress tolerant

strains isolated from halophytic plant species with multiple plant

growth-promoting properties (PGP), including atmospheric nitrogen

fixation, could contribute to improve Fragaria x ananassa cv. Rociera

tolerance to stress induced by nitrogen fertilization shortages,

allowing strawberry producers to reduce the chemical nitrogen

supply in a large proportion. Thus, we address the following

concrete questions: (i) would biofertilizer application have a

beneficial impact on plant performance under nitrogen fertilization

shortage induced stress? And (ii) would this response be mediated by

bacterial inoculation modulation effect on the different degrees of

specific plant tolerance mechanisms activation? The answers to these

questions are of great scientific interest, since the use of

microorganisms as biofertilizers to improve the strawberry crop has

focused mainly on pathogen biocontrol, with very few and recent

studies analyzing its potential for improving strawberry tolerance to

environmental stress, including nitrogen deficiency. This

circumstance has led to an underestimation of the potential of

microorganisms as useful biotools to improve nutritional efficiency

in intensive crops such as strawberries. Furthermore, it is necessary to

understand the tolerance mechanisms triggered by bacterial

inoculation to determine the real potential of this biotool.
2 Materials and methods

2.1 Experimental design and PGPR-based
biofertilizer characteristics

Fragaria × ananassa cv. Rociera plants were supplied by the

company Agro GM SL and left in a chamber at 5°C until

transplanted into 3.5 L plastic pots filled with sterilized

vermiculite substrate (substrate composition: SiO2 34–43%,

Al2O3 7–15%, Fe2O3 5–13%, MgO 20–28%, CaO 0.2–1%, TiO2

0.01-0.1% and grain size of 0.5-3 mm; Massó Garden SA) and

placed in a greenhouse (37°240 N, 6°00 W; SW Spain) under

controlled environmental conditions, 25 ± 4° C, 40-50% RH,

subjected to a day/night regime of 16 h of light (maximum

photosynthetic photon flux density (PPFD) incident on leaves of

1000 mmol m-2 s-1) and 8 h of darkness. Then plants were divided

into three treatments of ten individuals per group and arranged in a

randomized plot. The established treatment groups were: i) 100%

nitrogenous chemical fertilization, where the buffered nodulation

nutritional medium [BNM; Ehrhardt et al. (1992)] was

supplemented with 5 mmol L-1 KNO3, starting from a stock

solution at a concentration of KNO3 1 mol L-1, control treatment;

ii) fertilization with BNMmedium without N addition and with the
Frontiers in Plant Science 03
application of PGPR inoculum, BNM In treatment; and iii)

fertilization with BNM medium without N addition and

inoculation, BNM N-In treatment. During experiment,

fertilization and irrigation were developed manually twice a week

with a separation of 3 days (applying 100 mL per plant of a specific

BNM solution). Bacterial inoculation was carried out at the

beginning of the experiment and on days 15 and 30 of the

experiment, applying 100 mL of a previously designed

bacterial inoculum.

The bacterial inoculum used in this study was composed by five

self-compatible bacterial strains with high multi-stress resistance

and a variety of complementary plant growth-promoting properties

(PGP), characterized and used in several of our previous studies

(Andrades-Moreno et al., 2014; Mesa et al., 2015; Mesa-Marıń et al.,

2020; Redondo-Gómez et al., 2022; Valle-Romero et al., 2023; see

Table 1 for details of PGP properties). For the technical details of

inoculum preparation see Navarro-Torre et al. (2016) and Flores-

Duarte et al. (2022).
2.2 Analysis of plant growth and
physiological traits

Fresh weight and dry mass plant fractions were recorded after

40 days of the onset of treatments (n = 10 replicates per treatment;

for details, see Redondo-Gómez et al., 2021). Just before the end of

the experiment, five net CO2 assimilation rate versus calculated

intercellular CO2 concentration curves (AN/Ci) with 12 different

ambient CO2 concentration (Ca) values per nitrogen fertilization

treatment were developed in fully developed leaves, using an

infrared gas analyzer (LI-6800-01, LICOR Inc., Lincoln, NE, USA;

see Valle-Romero et al., 2023 for the characteristics of the AN/Ci

curves). And through parameterization of these curves, the

mesophyll conductance (gm) and the maximum carboxylation

rate allowed by carboxylase/oxygenase of ribulose-1,5-biphospate

(RuBP) (Vc,max) were obtained following the recommendations of

Flexas et al. (2009, 2013), Pons et al. (2009) and Long and Bernacchi

(2003). These parameters were used together with the recorded net

CO2 assimilation rate (AN), stomatal conductance (gs), intercellular

CO2 concentration (Ci) and dark respiration rate (Rd)

measurements to determine the absolute limits of photosynthetic

activity due to nitrogen fertilization limitation according to the

Grassi and Magnani (2005) approach.

On the other hand, photochemical traits of plants were obtained

in fully developed leaves from each experimental treatment (n = 10

replicates per treatment) coupled to a multiphase flash fluorometer

(LI-6800-01A, LICOR Inc., Lincoln, NE, USA) with an infrared gas

analyzer. Furthermore, the maximum quantum efficiency of PSII

photochemistry (Fv/Fm) and non-photochemical quenching (NPQ)

was obtained in leaves adapted to light and dark (n = 10 replicates

per treatment) with a portable fluorimeter FMS-2 (Hansatech

Instruments Ltd., King’s Lynn, UK) according to the protocol

described by Mateos-Naranjo et al. (2020). Finally, to complete

the fluorometry study, delayed fluorescence of leaves of plants

subjected to different nitrogen fertilization treatments was

detected using a plant imaging system (NightShade LB 985,
frontiersin.org
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Berthold Technologies, Germany) equipped with a deeply cooled

CCD camera (n = 5 replicates per treatment).
2.3 Stable isotopic composition of leaf
nitrogen and carbon and nitrogen and
carbon concentrations in tissues

The carbon and nitrogen isotopic values of dry and pulverized leaf

samples (n = 6 replicates per treatment) were calculated using a

Thermo Scientific Delta V spectrometer. Carbon and nitrogen

isotope ratios (13C/12C and 15N/14N) were expressed in delta (d)
notation, defined as parts per thousand (‰) relative to a standard

material (VPDB for d13C and atmospheric N2 for d15N). d15N was used

as a proxy for nitrogen fluxes, assimilation and allocation (Kalcsits

et al., 2014) supplementary to leaf N content. Furthermore, water-use

strategies were approached by d13C, which was employed as a proxy for

iWUE (intrinsic water-use efficiency; Pérez-Harguindeguy et al., 2013)

because it relies on the ratio of intercellular to ambient CO2

concentrations (Ci/Ca) and therefore is affected by transpiration at

the stomata (gs) and net assimilation (AN; Farquhar et al., 1989).

Furthermore, the carbon and nitrogen contents of each leaf and root

pool replicate (n = 6 replicates per treatment) were quantified using an

elemental analyzer (Leco CHNS-932, Madrid, Spain).
2.4 Statistical analysis

Statistica software v. 10.0 was used to find variations in plant

traits due to experimental treatments using a one-way analysis of

variance (ANOVA, test), followed by the post hoc LSD test (i.e.,

Fisher’s least significant difference).
3 Results

3.1 Strawberry plant development analysis

The limitation of nitrogen fertilization led to a drastic reduction

in the growth of strawberry plants after 40 days of treatments.

Therefore, compared to the control treatment, the dry mass content

of leaves (LDMF) and roots (RDMF) decreased by 88% and 13% in

non-inoculated plants grown in the absence of nitrogen (ANOVA,
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P < 0.05; Figures 1A, B). This negative effect was accompanied by a

15% reduction in leaf relative water content (LRWC) (Figure 1C), as

well as by an almost complete absence of reproductive structures

(i.e. flowers and fruits in the initial state of development; Figure 1D).

However, bacterial inoculation contributed to maintaining root

growth at a level similar to control plants and, to some extent,

diminished LDMC and LRWC reduction (Figures 1A–C). Finally,

our results revealed that bacterial inoculation contributed to the

presence of reproductive structures, since the values of the dry mass

content of reproductive structures (RSDMC) did not significantly

differ with respect to control treatment (Figure 1D).
3.2 Strawberry plant photosynthetic
apparatus performance analysis

After 40 days of treatment, the net photosynthetic rate (AN)

showed a sharp decrease in c. 54% in plants grown without nitrogen

fertilization compared to their nitrogen-supplied counterparts;

however, this harmful effect was buffered by up to 50% due to

bacterial inoculation (Figure 2A). A very similar pattern was observed

for stomatal conductance (gs) (ANOVA, P < 0.05; Figure 2B), while

intercellular CO2 concentration (Ci) showed mean values c. 260 µmol

CO2 mol-1 in all treatments (Figure 2C), and dark respiration (Rd)

values were higher in plants grown under N fertilization restriction

treatment and without bacterial inoculation (Figure 2D).

On the other hand, our photosynthetic absolute limitation

analysis showed that the drastic decrease in AN after 40 days of

treatment in non-inoculated plants was mainly due to a biochemical

component with a limitation of 30%, followed by limitations in

mesophyll conductance (McL) and stomatal (SL) with 20% and

8%, respectively. While in inoculated plants, diffusional (McL+SL)

and biochemical restrictions (BL) were 5% and 10%, respectively

(Figure 3). These response patterns were sustained by the mesophyll

conductance (gm) and the maximum carboxylation rate allowed by

carboxylase/oxygenase of the ribulose-1,5-biphospate (Vc,max) results;

therefore, the gm values did not differ significantly between

inoculation treatments (Figure 2E). And the inhibition of Vc,max

due to the absence of N fertilization was improved to 30% in

inoculated plants (ANOVA, P < 0.05; Figure 2F).

There was a significant effect of nitrogen fertilization limitation and

bacterial inoculation on the photochemical traits of the strawberry

plant (Figures 4A–F). In this sense, overall the maximum quantum
TABLE 1 Plant growth-promoting (PGP) properties of biofertilizer bacterial strains.

PGP SDT3 HPJ40 SMT38 SRT15 S110

Phosphate solubilizing + + – + –

Siderophores production + + + – +

IAA production – – + +

Fixation of nitrogen – + – + +

Biofilm formation – + + + +

ACC deaminase activity – – + – +
IAA, indole-3-acetic acid; SDT3, Pseudomonas sp; HPJ40, B. zhangzhouensi; SMT38, B. velezensis; SRT15, P. oxydans; S110, V. paradoxus; +, positive; -, negative.
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efficiency of PSII photochemistry (Fv/Fm), actual efficiency of

photosystem II (FPSII), electron transport rate (ETR), and

photosynthesis quantic apparent efficiency (FCO2) values were lower

under nitrogen limitation, making this reduction even more acute for

non-inoculated plants (ANOVA, P < 0.05; Figures 4A–D). A similar

pattern was observed for delayed fluorescence in counts per second per

surface unit, as indicated by the lowest values recorded for plants

fertilized with BNM medium without nitrogen addition and bacterial

inoculation (i.e. BNMN-In treatment) (ANOVA, P < 0.05; Figure 4E).

Furthermore, responses to these parameters were accompanied by an

increase in non-photochemical quenching (NPQ), as indicated by the

highest values recorded in non-inoculated plants grown without N

fertilization (ANOVA, P < 0.05; Figure 4F).
3.3 Leaf nitrogen and carbon isotopic
composition of strawberries and tissue
concentration analysis

After 40 days of treatments leaf d15N decreased considerably in

plants grown under nitrogen fertilization limitation; being this
Frontiers in Plant Science 05
reduction in high degree offset in inoculated plants (Figure 5A).

On the contrary, leaf d13C values showed mean values c. -29 parts

per thousand in all treatments (Figure 5B).

Finally, the C/N ratios of leaves and roots were significantly

higher in plants subjected to nitrogen fertilization restriction

treatment, although this effect was less pronounced for leaves in

inoculated plants with respect to control due to the higher leaf

nitrogen content compared to non-inoculated plants (ANOVA, P <

0.05; Figures 5C, D). On the contrary, inoculated plants showed the

highest C/N concentration of the root due to the higher carbon

concentration of the roots relative to the other treatments.
4 Discussion

Advances in biotechnology have allowed PGPR to become a

promising biotool for crop development in a sustainable manner,

due to its multiple positive effects on plants by contributing to the

growth of the root system and/or strengthening its tolerance to a

number of environmental stresses, including nutritional deficits

(Adesemoye et al., 2009; Bhattacharyya & Jha, 2012; Glick, 2012;
B

C D

A

FIGURE 1

Dry mass content of the leaf, LDMC (A), dry mass content of roots, RDMC (B), relative water content of the leaf, LRWC (C) and dry mass content of
the reproductive structures, RSDMC (D) of strawberry plants subjected to three different nitrogen fertilization treatments after 40 days. Control,
chemical fertilization with BNM medium supplemented with soluble nitrogen form; BNM In, chemical fertilization without nitrogen addition and with
the inoculation of a designed PGPR-based biofertilizer; and BNM N-In, chemical fertilization without nitrogen addition and inoculation. Values
represent mean ± SE of ten replicates. Different letters indicate means that are significantly different from each other (LSD test, p < 0.05).
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Khan et al., 2020). According to those studies, we found that the

application of the designed PGPR-based biofertilizer had a positive

impact on the growth and physiological performance of strawberry

plants subjected to a complete nitrogen fertilization restriction

scenario, compared to non-inoculated plants. Thus, bacterial

inoculation was able to largely reverse the negative impact of
Frontiers in Plant Science 06
nitrogen fertilization withholding on plant growth and fertility

traits, as indicated by maintaining the root dry mass content

(RDMC) and reproductive structure dry mass content (RSDMC)

at a level similar to control treatment and to some extent

ameliorated the reduction in leaf dry mass content (LDMC). Our

results are also in agreement with previous results found for

strawberry, where the presence of microorganisms with PGP

properties counterbalanced to some extent the detrimental effects

of stressful environmental factors, such as soil salinization, high

temperature, and phosphorus deficit, on plant development

(Redondo-Gómez et al., 2021; Redondo-Gómez et al., 2022; Valle-

Romero et al., 2023).

The positive ameliorative effect of inoculation on strawberry

growth under stress induced by N limitation could be explained by

some characteristics of the biofertilizer, which would lead to a direct

positive effect on plant development, and mainly on its root

development. In this sense, several integrant strains of the designed

inoculum, particularly strains SRT15 and S110, have the capacity to

produce the auxin indole-3-acetic acid (IAA, Valle-Romero et al.,

2023), which is a key phytohormone in shaping the architecture of

the root and the formation of the lateral root of the plant (Remans

et al., 2008; Spolaor et al., 2016). Therefore, the capacity to produce

IAA would explain the growth pattern obtained in inoculated

strawberry plants compared to their non-inoculated counterparts,

as previously described in other horticultural and herb crops (De

Silva et al., 2000; Zaidi et al., 2015; Redondo-Gómez et al., 2021;

Redondo-Gómez et al., 2022). Similarly, bacterial inoculation would

have led to a higher root-to-shoot ratio (data not presented), fact also

related to their higher LRWC values. Consequently, their greater root

development would have allowed them to explore larger volumes of

soil for water acquisition, while, at the same time, they would have
B C

D E F

A

FIGURE 2

Net photosynthetic rate, AN (A), stomatal conductance, gs (B), intercellular CO2 concentration, Ci (C), dark respiration, Rd (D), mesophyll
conductance, gm (E) and maximum carboxylation rate allowed by RuBP, Vc,max (F) in radomly selected strawberry leaves of plants subjected to three
different nitrogen fertilization treatments and bacterial inoculation after 40 days. For treatment details, see Figure 1 caption. Values represent mean ±
SE of five replicates. Different letters indicate means that are significantly different from each other (LSD test, p < 0.05).
FIGURE 3

Quantitative analysis of absolute limitations in photosynthesis (AN)
respect to the control treatment of strawberry plants subjected to
nitrogen fertilization restriction with (BNM In) and without bacterial
inoculation (BNM N-In) after 40 days. SL, stomatal; McL, mesophyll;
BL, biochemical limitations.
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lower water losses due to the smaller leaf surface caused by nutritional

deficit (Poorter et al., 2011). Furthermore, this pattern of biomass

partition fits well with the most common pattern recorded in plants

in nutrient-poor environments (Bloom et al., 1985; Bonifas et al.,

2005; Masǩová and Herben, 2018) with the consequence impact on

the rate of plant growth (Poorter et al., 2011). Although, we found

that this pattern would be more marked with the inoculation,

circumstance that would contribute to partially explain the growth
Frontiers in Plant Science 07
and tolerance differences to nitrogen-induced deficit stress recorded

between inoculated and non-inoculated strawberry plants. Similarly,

greater availability of water resources in inoculated plants would have

made more possible water flows for fruit growth, which would

contribute to explain the higher values of RSDMC in these plants,

particularly considering that this species is characterized by the

development of fruits with a high water content (Grant et al., 2010;

Martıńez-Ferri et al., 2016).
B

C D

E F

A

FIGURE 4

Maximum quantum efficiency of PSII photochemistry, Fv/Fm (A), actual efficiency of the photosystem II, FPSII (B), electron transport rate, ETR (C),
photosynthesis quantic apparent efficiency, FCO2 (D), delayed fluorescence in counts per second per surface units, cps/mm2 (F) and non-
photochemical quenching, NPQ (E) in radomly selected strawberry leaves of plants subjected to three different nitrogen fertilization treatments after
40 days. For treatment details, see Figure 1 caption. Values represent mean ± SE of ten replicates for panels (A–E), and five replicates for panel (F)
Different letters indicate means that are significantly different from each other (LSD test, p < 0.05).
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On the other hand, the ameliorative effect of bacterial

inoculation in strawberry development under N limitation

conditions was associated with a positive impact on essential

steps of photosynthetic metabolism of strawberry compared to

non-inoculated plants. Therefore, we found that there were

improvements in the carboxylation process and the leaves gas

exchange, although without variations in the efficiency of intrinsic

water use between plants subjected to different experimental

treatments, as indicated the invariable leaf d13C and Ci values.

Thus, bacterial inoculation was able to buffer up to 50% the

reduction in AN due to the lack of nitrogen in the growth

medium. This circumstance would have made possible a greater

availability of photoassimilates that, together with the

aforementioned higher LRWC values, would contribute to explain

the beneficial impact of inoculation on strawberry growth and

RSDMC values. Specifically, the beneficial ameliorative effect of

the inoculation on the carbon assimilation capacity occurred in

various essential steps. Thus, our quantitative analysis of absolute

photosynthetic limitations indicated that the highest photosynthetic

yield in inoculated plants was mediated by a positive effect on

photosynthesis diffusion limitations (SL+McL), as indicated by the

highest gs and gm values. Additionally, bacterial inoculation led to a
Frontiers in Plant Science 08
reduction in biochemical limitations, but to a lesser extent, as shown

in the higher values of the maximum carboxylation rate allowed by

carboxylase/oxygenase of ribulose-1,5-biphospate (Vc,max)

compared to non-inoculated plants, as previously described in

strawberry in response to salt stress and phosphorus deficit (Selvi

et al., 2020; Redondo-Gómez et al., 2021; Valle-Romero et al., 2023).

Similarly, the positive effect was attributed partially to an

improvement in leaf light harvesting efficiency, together with

adequate coordination with its carboxylation phase, compared

with non-inoculated plants. In this way, we found that N-deficit

caused negative effects on PSII functionality of strawberry plants, as

indicated by the lower Fv/Fm and FPSII values, in agreement with

previous studies (Morales and Warren, 2012). However, bacterial

inoculation countered this reduction to a large extent. These results,

together with the higher delayed fluorescence recorded, would

indicate a greater integrity of the chloroplast thylakoid membrane

of inoculated strawberry plants compared with their non-inoculated

counterparts (Strasser et al., 2004). Furthermore, there was a

positive effect on the functioning of the electron transport chain

according to the highest ETR values. This circumstance highlights

the role of inoculation in maintaining homeostasis between

captured energy and plant carboxylation capacity, this idea being
B

C D

A

FIGURE 5

Leaf stable isotope composition d15N (A) and d13C (B), leaf C/N ratio (C) and root C/N ratio (D) in strawberry plants subjected to three different
nitrogen fertilization and bacterial inoculation treatments after 40 days. For treatment details, see Figure 1 caption. Values represent mean ± SE of six
replicates. Different letters indicate means that are significantly different from each other (LSD test, p < 0.05).
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also supported by the highest photosynthesis quantic apparent

efficiency (FCO2) values recorded in these plants. On the

contrary, in non-inoculated plants, nitrogen deficit conditions

would lead to an increase in NPQ and Rd values, indicating that

much absorbed energy would not have taken the photochemical

pathway (Flexas et al., 2013), with a consequent negative impact on

photoassimilates availability for strawberry plant development and

fruit production.

Interestingly, our results revealed that the improved effect of

bacterial inoculation on strawberry photosynthetic metabolisms

under N limitation conditions was linked to a better nutritional

balance of the plant. In this sense, we should highlight that nitrogen is

an essential element for the photosynthetic process (Evans and

Clarke, 2019). In fact, several authors have found a positive relation

between leaf N concentration or N fertilization practices and

photosynthetic apparatus performance, in terms of improving plant

carboxylation, photochemical, and CO2 diffusion capacity (Warren,

2004; Liao et al., 2019). Consistent with these results, we found a

lower leaf C/N ratio in inoculated plants, which was associated with a

higher nitrogen content in their leaves and, therefore, could be

explained by the fixation capacity of N of strains SMT38, SRT15,

and S110. This effect was also supported by stable leaf nitrogen

isotopic analysis. Therefore, the inoculated plants showed leaf d15N
values close to control plants compared to their non-inoculated

counterparts. However, contrary to what was expected, both

treatments showed d15N values higher (11.3 and 9.1‰ respectively)

than non-inoculated plants (2.8‰), despite the fact that we expected

isotopic signals close to cero related to the bacterial biological fixation

process (Kalcsits et al., 2014). This unexpected result could be

explained by the inoculation process itself. Thus, when analyzing

the entire plant for nitrogen balance, other processes are involved,

including death and turnover of the microorganism (Unkovich,

2013). In this sense, a study by Dijkstra et al. (2006) proposed that

the increase of d15N of the soil organic matter could be due to

microbial biomass itself. However, despite this result, both the

concentration of leaf nitrogen tissues and the stable isotopic

analysis would suggest that bacterial inoculation would have led to

an increased nitrogen source available in the medium, favoring the

nutritional balance of strawberry, and consequently, its

photosynthetic metabolism and development, as was recorded in

this study. Nevertheless, it should be noted that bacterial inoculation

was unable to fully cover the nutritional needs of the plants by itself,

since plant development did not reach the levels registered in the

control plants. This circumstance points towards a combined strategy

to improve nitrogen fertilization practices efficiency in strawberry

cultivation, which includes the use of PGPR-based biofertilizer in

combination with the limited application of chemical nitrogen

fertilizer. Therefore, this area deserves further future research.
5 Conclusions

The PGPR-based biofertilizer designed composed by self-

compatible stress tolerance strains isolated from halophytic plant

species was unable to completely replace the complete withdrawal
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of nitrogen chemical fertilization in strawberry crop. However, it

was able to significantly improve Fragaria x ananassa cv. Rociera

tolerance to nutritionally induced stress. Therefore, although

nitrogen limitation decreased considerable plant areal biomass

development, this effect was mitigated to a certain extent by the

inoculated bacteria. Furthermore, inoculated plants were able to

maintain root growth and fertility traits development at a level

similar to that of those plants supplied with an adequate level of

nitrogen chemical fertilization.

The positive effect of the PGPR-based biofertilizer on plant

growth was mediated by an ameliorative effect of the negative

impact of the N deficit on strawberry photosynthetic metabolism

in terms of reduced carbon diffusional and biochemical limitations,

while the efficiency of PSII photochemistry was maintained in terms

of light-harvesting efficiency, together with adequate coordination

with the carboxylation phase. Furthermore, inoculation improved

nitrogen nutritional balance, which was also associated with a

beneficial impact on plant photosynthetic metabolism. Therefore,

these circumstances make this biofertilizer a promising

complementary tool for improving the nitrogen-based chemical

fertilization process with nitrogen in strawberry farms, allowing a

substantial reduction in the application of this agrochemical.
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Flores-Duarte, N. J., Pérez-Pérez, J., Navarro-Torre, S., Mateos-Naranjo, E., Redondo-
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Martıńez-Ferri, E., Soria, C., Ariza, M. T., Medina, J. J., MIranda, L., Domıńguez, P.,
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