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Pseudomonas 42P4 and
Cellulosimicrobium 60I1 as a
sustainable approach to increase
growth, development, and
productivity in pepper plants

Miguel Andrés Lobato-Ureche,

María Micaela Pérez-Rodriguez, Diana Segura,

Romina Monasterio and Ana Carmen Cohen*

Instituto de Biología Agrícola de Mendoza - Consejo Nacional de Investigaciones Científicas y

Técnicas (IBAM-CONICET), Facultad de Ciencias Agrarias, Universidad Nacional de Cuyo, Mendoza,

Argentina

The production of pepper plants for industrial use is not enough to satisfy

the demand of consumers and agrochemicals are frequently used to increase

production. In this study four native plant growth promoting rhizobacteria

(PGPR) was tested as an alternative to select the most e�ective to enhance

growth, development, and productivity of pepper plants. Seedlings were

inoculated with Pseudomonas 42P4, Cellulosimicrobium 60I1, Ochrobactrum

53F, Enterobacter 64S1 and cultivated on pots in the greenhouse and the

morphological, biochemical, and physiological parameters were determined.

In addition, the phenolic compound profiles were evaluated. All four strains

increased the di�erent parameters evaluated but Pseudomonas 42P4 and

Cellulosimicrobium 60I1 were the most e�ective strains, improving leaf

and root dry weight, stem diameter, nitrogen level, stomatal conductance,

chlorophyll quantum e�ciency, chlorophyll SPAD index, total chlorophyll and

carotenoid levels, number of flowers and fruits per plant, and the length,

diameter and dry weight of the fruit. Also, these strains modified the phenolic

compound profiles, and 18 compounds were quantified. Pseudomonas 42P4

inoculation modified the phenolic compound profile similarly to the Fertilized

treatment and induced the synthesis of di�erent endogenous compounds in

the flavonoid family, also increasing catechin, naringin, naringenin, myricetin,

procyanidin B1, epigallocatechin-gallate, cinnamic, and ferulic acids related

to antioxidant activity and catechin, cinnamic, and ferulic acids related to the

induced systemic response. Pseudomonas 42P4 can be used as a bioinoculant

in pepper plants to enable better agronomic management, decreasing the use

of chemical fertilizer to contribute to sustainable agriculture.
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Highlights

- Bioinoculants formulated with PGPR are a sustainable

alternative to increase crop production.

- Pseudomonas 42P4 and Cellulosimicrobium 60I1 are two

promising strains for preparing a bioinoculant.

- The strains used have the ability to increase growth,

development, and production of pepper plants.

- The phenolic compound profiles (eighteen compounds

identified and quantified) are modified in plants inoculated

with the strains under study.

- Pseudomonas 42P4 mainly increases compounds grouped

in the flavonoid and phenolic acid families.

Introduction

Pepper (Capsicum annuum) is one of the most important

horticultural crops worldwide. It is an essential food ingredient

and the fourth major crop produced globally. Approximately

400 varieties of pepper are cultivated worldwide (Saxena et al.,

2016). In the province of Mendoza, Argentina, it is calculated

that around 1246 ha of peppers are grown for the packaging

industry (FAOSTAT, 2021). Pepper plants need a sufficient

amount of nutrients to grow and develop fruit and so the farmers

apply fertilizer and agrochemicals to improve the production.

However, the overuse of some chemical products affects human

health and deteriorates the quality of the environment.

Bioinoculants formulated with microorganisms are

currently considered as a promising alternative to inorganic

fertilizers, constituting a powerful tool in organic agriculture

and for the restoration of degraded soils (De-Bashan et al.,

2012; Gouda et al., 2018). Some bioinoculants are formulated

with plant growth promoting rhizobacteria (PGPR). These

strains have beneficial properties that improve plant growth

and development through different mechanisms, such as

atmospheric nitrogen fixation, siderophore production,

phosphate solubilization, and production of plant growth

regulators (Basu et al., 2021; Mohanty et al., 2021). In addition,

native PGPR can alleviate the environmental stresses to which

plants are often exposed, since they tend to adapt easily

to the local conditions of the soils from which they were

isolated, withstanding environmental stress caused by extreme

gradients of temperature, high concentrations of salts in the

soil and hydric stress (Grover et al., 2011; Cordero et al.,

2018).

In the rhizosphere there are a series of organic molecules

that regulate chemotaxis between plant roots and PGPR. The

phenolic compounds stand out within this group of molecules,

which are part of the secondary metabolism in plants, and

their levels in plants may be regulated by interactions that

occur in the rhizosphere (Feng et al., 2018). Simple phenolic

alcohols, flavonoids, phenolic acids, and stilbenoids represent

the main families of phenolic compounds. In each family the

number of phenolic compounds and their concentrations are

different depending on the plant tissue studied (Vuolo et al.,

2019; Alara et al., 2021). Phenolic compounds have a key role

as defense compounds under environmental stress conditions,

such as inadequate light (excess or deficiency), saline stress

or heavy metals, low temperatures, unfavorable pH, pathogen

infection, herbivory, and nutrient deficiency, which can induce a

higher production of oxidative species in plants (Lattanzio, 2013;

Tanase et al., 2019).

Some studies based on colorimetric techniques

have reported an increase in phenolic compounds in

plants inoculated with PGPR (Del Rosario Cappellari

et al., 2017; Pagnani et al., 2018; Rahimi et al., 2020).

However, the mechanism of modification of phenolic

compound profiles in the plant-PGPR interaction is

limited and the specific role of the different families is

unknown (Sarma et al., 2002). For this purpose, it is

necessary to use liquid chromatography to individualize

each compound.

In Mendoza province, Argentina, our research group

isolated and characterized native PGPR strains from roots

and the rhizosphere of a tomato crop (Pérez-Rodriguez et al.,

2020). We showed that inoculation with these native strains

was effective in promoting the germination percentage, the

vigor index and modifying the profile of phenolic compounds,

suggesting an elicitation of phenylpropanoid pathways related

to induced systemic response (IRS) in pepper seeds (Lobato-

Ureche et al., 2021). We also reported that these native PGPR

promote the growth and development of tomato plants and

reduce the negative effects of salt stress by NaCl in tomato

plants cultivated in the greenhouse (Pérez-Rodriguez et al., 2020,

2022).

In the present study, we were interested in the impact of

these native strains, known as Enterobacter 64S1, Pseudomonas

42P4, Cellulosimicrobium 60I1, and Ochrobactrum 53F,

on the morphological, biochemical, physiological, and on

the phenolic compounds profile changes of pepper plants.

Also we evaluated the effect of inoculation on the fruit

production. Our hypothesis was that inoculation of pepper

plants with native PGPR modifies the profile of phenolic

compounds, favoring growth, development, and yield, similar

to a chemical fertilizer.

Materials and methods

Plant materials

Seeds of Capsicum annuum cv Calafyuco INTA were

kindly supplied by Dr. C. Galmarini (National Institute

of Agricultural Technology, INTA-EEA, La Consulta,

Mendoza, Argentina).
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Bacterial cultures

The strains used were Cellulosimicrobium 60I1 (60I1),

Ochrobactrum 53F (53F), Enterobacter 64S1 (64S1), and

Pseudomonas 42P4 (42P4). These strains belong to the

Microbiology and Agricultural Physiology Lab (IBAM-

FCA, CONICET-UNCuyo, Mendoza, Argentina) and have

been deposited in the GenBank (NCBI) under accession

numbers MT047266, MT047264, MT047267, MT045593.

These strains were isolated from the rhizosphere and roots of

tomato plants from productive farms in Mendoza, Argentina

and were characterized as PGPR (Pérez-Rodriguez et al.,

2020).

The pre-inoculum was prepared in 50mL of a rich

medium of LB (Luria Broth, Sigma Chem. Co.) from one

colony of the Cellulosimicrobium 60I1, Ochrobactrum 53F,

Enterobacter 64S1, and Pseudomonas 42P4 strains. Every

culture was grown for 24 h at 28◦C and 120 rpm until

reaching an OD530 = 1.2. To prepare the inoculum, 500

µL of pre-inoculum were grown in 50mL of LB for 24 h

at 28◦C and 120 rpm until reaching 108 CFU mL−1. The

seedlings were inoculated with 1,000 µL of each culture as

detailed below.

Seed germination, growth conditions,
and plant inoculation

The seeds were surface disinfected with 20% sodium

hypochlorite for 1min, then washed three times with sterile

distilled water to remove the rest of the disinfectant. The

seeds were sown in sterile trays containing sterilized substrate

Kekkilä DSM 1W (Kekkilä professional, Vantaa, Finland). The

substrate contained 70% brown and 30% dark Sphagnum fuscum

dominant peat, N–P2O5-K2O 15–12–29 and microelements

0.6 kg m−3, pH 5.9, electrical conductivity 0.2 dS m−1.

The trays were placed in a greenhouse at a temperature of

(24–26◦C average daily temperature, 10–14 light and dark

periods, and 700–750 µmol m−2 s−1 of light intensity at

solar noon). The seedlings with two fully expanded leaves

were inoculated with 1,000 µL of PGPR containing 108

CFU mL−1 of the corresponding bacterial culture (inoculum).

Thus, the treatments were: (1) seedlings inoculated with

Cellulosimicrobium 60I1, (2) seedlings inoculated with 53F,

(3) seedlings inoculated with Enterobacter 64S1, (4) seedlings

inoculated with Pseudomonas 42P4, (5) seedlings treated

with fertilizer Hakaphos R© 18-18-18 (N-P-K), (6) Control:

seedlings without bacterial inoculum (inoculated with LB

medium). All treatments were applied on the soil surface near

the root collar. The seedlings were then transplanted into

plastic pots (30 L) containing a mixture of Kekkila DSM 1W

substrate:sand (50:50) and placed in a greenhouse with the

same condition described previously. The Fertilized treatment

was prepared at the rate of 0.7 g L −1 with Hakaphos R©

(a completely water soluble fertilizer for fruit and vegetable

crops, free of chlorine and urea with EDTA-chelated trace

elements). The treatment was applied at the rate of 1mL

per seedlings, and followed by subsequent treatments at

10mL on 45 days-old and 20mL on 70 days-old plants. A

completely randomized design of six treatments (1–6) was

established, with three repetitions of 10 seeds in each one

(with a total of 60 seedlings). The experiment was repeated

three times.

The growth parameters were measured in 75 day-old plants

and data were collected to evaluate the morphological aspects

including: plant height and stem diameter, while leaf area

was measured using the Micrometrics SE premium software.

Physiological parameters were also measured at 90 day-old

plants: stomatal conductance was determined with a porometer

(DecagonDevices, Model SC-1, USA), maximum quantum yield

of PSII (Fv/Fm) was determined with a fluorometer (Hansatech

Instruments LTD). Fv/Fm is the maximum efficiency at

which light is absorbed by PSII and is used as a sensitive

indicator of plant photosynthetic performance (Asghari et al.,

2020), where Fm: maximum fluorescence and Fv: the variable

fluorescence. The Chlorophyll index (SPAD), was determined

using a portable chlorophyll meter (SPAD-502, Konica Minolta

Sensing). At the time of flowering, the number of flowers

per plant and the days of flowering were counted. Yield

parameters were measured at the end of the assay after

110 days (number of fruits per plant, weight, length and

diameter of the fruits). Finally, the aerial and root dry weights

were determined.

Nitrogen determination

Leaves of 55 day-old plants were dried in an oven

at 70◦C for 72 h until reaching a constant dry weight.

Later, they were ground and the nitrogen content

was determined by Micro Kjeldahl, as described by

Guebel et al. (1991).

Photosynthetic and photoprotective
pigments

Determinations were carried out spectrophotometrically in

a UV–Vis spectrophotometer Cary 50 (Varian Inc.) as described

by Chappelle et al. (1992), with modifications of Cohen et al.

(2015), using leaf samples (55 days old). Total chlorophyll

(Chl; Chl a + Chl b), carotenoid and anthocyanin levels were

measured from 1 cm diameter disc samples and expressed in

mg−1 of leaves.
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Extraction and quantification of phenolic
compounds

The phenolic compounds were extracted using a liquid-

solid extraction according to a previously reported procedure

(Moussi et al., 2015), which can be briefly described as

follows: 0.5 g of lyophilized material (leaves) were weighed in

a conical centrifuge tube and mixed with 5mL of ethanol.

Then, the tube was left in an ultrasonic bath for 10min

and the supernatant obtained by centrifugation (2,500 g for

10min) was evaporated to dryness using a rotary evaporator

at 40◦C. The residue was redissolved in 1mL of 0.1% (v/v)

formic acid.

Each individual phenolic compound in the pepper

leaf extracts was separated using high-performance liquid

chromatography, coupled to diode array and fluorescence

detectors (HPLC-DAD-FLD). Dionex UltiMate 3000 HPLC

system (California, USA). Chromatographic separations

were carried out in reversed-phase Kinetex C18 column

(3.0mm × 100mm, 2.6µm). Phenomenex (Torrance, CA,

USA) at 35◦C. The mobile phases were ultrapure water with

0.1% (v/v) formic acid (phase A) and acetonitrile (phase

B). Separation of the analytes was performed using the

following gradient: 0–1.7min, 5% B; 1.7–10min, 30% B;

10–13.5min, 95% B; 13.5–15min, 95% B; 15–16min, 5% B;

16–19, 5% B. The flow rate was set constant at 0.8mL min−1

during the whole process, and the injection volume was

5 µL.

The identification and quantification of the target phenolic

compounds in the extracts were based on the comparison

of the retention times (tR) and the maximum absorbance

value of detected peaks in samples of interest with those

obtained by the injection of pure standards. The working

wavelengths for DAD of the different families of analytes

were 254, 280, 320, and 370 nm, while an excitation

wavelength (Ex) of 290 nm and monitored emission

(Em) responses of 315 and 400 nm were used depending

on the targeted analytes for FLD. The Chromeleon 7.1

software was used to control all the acquisition parameters

of the HPLC-DAD-FLD system and also to process the

data obtained.

Statistical analysis

Data were processed by analysis of variance

followed by a Duncan test to discriminate between the

averages by the minimum difference with a significance

level of P ≤ 0.01. The InfoStat statistical software

(InfoStat version 2018v. Grupo InfoStat, Argentina)

was used.

Results

E�ect of inoculation with PGPR on the
development of pepper plants grown in
pots under greenhouse conditions

Inoculation with PGPR increased the leaf and aerial (leaves

plus stems) dry weight of the plants, as shown in Figure 1.

The Fertilized, Pseudomonas 42P4, and Cellulosimicrobium 60I1

treatments increased the dry weight of the leaves (34, 21, and

15%, respectively), with respect to the Control. A similar trend

was observed in the dry weight of the aerial part.

Inoculation with PGPR increased root dry weight and stem

diameter, as shown in Figures 2A, B. The increase in the root

dry weight was the same between the inoculated treatments

with respect to the Control. The Fertilized, Enterobacter 64S1,

Cellulosimicrobium 60I1, and Pseudomonas 42P4 treatments

increased stem diameter by 16%; 13%; 11 and 6%, respectively.

The highest nitrogen content was found in the inoculated

and fertilized treatments with respect to the Control, as shown

in Figure 3. The Pseudomonas 42P4 and Cellulosimicrobium

60I1 treatments increased the nitrogen content (48 and

41%, respectively), with respect to the Control, showing

similar behavior to the Fertilized treatment, while Enterobacter

64S1 and Ochrobactrum 53F exceeded the control (29 and

18%, respectively).

E�ect of inoculation on the accumulation
of photosynthetic and photoprotective
pigments of pepper plants

Inoculation with PGPR modifies the physiological

parameters in pepper plants. The Enterobacter 64S1,

Pseudomonas 42P4, fertilized, Ochrobactrum 53F and

Cellulosimicrobium 60I1 treatments increased stomatal

conductance by 24%; 21, 21%; 18 and 15%, respectively,

with respect to the Control (Figure 4A). Similarly, the Fv/Fm

increased in the inoculated and Fertilized treatments, exceeding

the control by as much as 11% (Figure 4B).

The contents of photosynthetic pigments (Chl a and total),

as well as carotenoids, were higher in the inoculated and

Fertilized treatments, with respect to the Control, as shown

in Table 1 and Figure 5.

E�ect of inoculation on the yield of
pepper plants grown in pots

Inoculation did not modify the days to flowering. However,

the number of flowers per plant increased, and all treatments
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FIGURE 1

(A) Dry weight of the leaves and (B) dry weight of the aerial parts (leaves and stems) of pepper plants of 110 day-old grown in pots and treated

with: Fert: Fertilized; 42P4: Pseudomonas 42P4; 60I1: Cellulosimicrobium 60I1; 64S1: Enterobacter 64S1; 53F: Ochrobactrum 53F and Control

(without bacteria). Data are presented as mean ± SEM of seven independent biological replicates. Di�erent letters indicate significant di�erences

according to one-way ANOVA with Duncan’s multiple range test. P (A) = 0.0034 and P (B) = 0.0005.

FIGURE 2

(A) Root dry weight and (B) stem diameter, of pepper plants of 110 and 75 day-old (respectively), grown in pots and treated with: Fert: Fertilized;

42P4: Pseudomonas 42P4; 60I1: Cellulosimicrobium 60I1; 64S1: Enterobacter 64S1; 53F: Ochrobactrum 53F and Control (without bacteria).

Data are presented as mean ± SEM of 10 independent biological replicates. Di�erent letters indicate significant di�erences according to

one-way ANOVA with Duncan’s multiple range test. P (A) = 0.0001 and P (B) = 0.0028.

differed from the Control except the 64S1 treatment, as shown

in Table 2.

The Fertilized, Pseudomonas 42P4, Cellulosimicrobium

60I1, and Enterobacter 64S1 treatments had the highest

fruit production with respect to the Control. The Fertilized

treatments, 42P4 and 60I1 had the longest fruits (9; 8 and

8%, respectively), with respect to the Control. The Enterobacter

64S1, Pseudomonas 42P4 and Ochrobactrum 53F treatments

increased the fruit diameter and were different to the Fertilized

and Control treatments. The Fertilized, Pseudomonas 42P4,

Cellulosimicrobium 60I1, and Ochrobactrum 53F treatments

increased the fruit dry weight (67; 45; 42 and 38%, respectively)

with respect to the Control (Table 2).

Figure 6 shows the biplot graph for 16 variables

(morphological, physiological, and yield component) of

the pepper plants cultivated in pots. PC1 explained 76% of the

variance and the variables associated with this component

were fruit dry weight, total chlorophyll, carotenoids,

Fv/Fm, total Chl, Chl a, aerial dry weight, fruit length,

root dry weight, leaf dry weight, number of fruits and SPAD

index. PC2 explained 12% of the variance and the variables

associated with this component were fruit diameter, stomatal

conductance, and number of flowers. Principal components

analysis separated the Pseudomonas 42P4, Cellulosimicrobium

60I1 and Fertilized treatments in a first group and the

second group consisted of the Ochrobactrum 53F3 and
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FIGURE 3

Nitrogen content in leaves of pepper plants of 55 day-old after treatment with Fert: Fertilized; 42P4: Pseudomonas 42P4; 60I1:

Cellulosimicrobium 60I1; 64S1: Enterobacter 64S1; 53F: Ochrobactrum 53F and Control (without bacteria). Data are presented as mean ± SEM

of three independent biological replicates. Di�erent letters indicate significant di�erences (P < 0.0085) according to one-way ANOVA with

Duncan’s multiple range test.

Enterobacter 64S1 treatments, and the third group, the

Control treatment.

The constitution of the first group shows that inoculation

with Pseudomonas 42P4 and Cellulosimicrobium 60I1 obtained

results similar to those found with the chemical fertilizer

treatment. Based on these results, these treatments were selected

for evaluating the phenolic compound profiles and to compare

with the Control.

E�ect of inoculation on the profile of
phenolic compounds in leaves of
Calafyuco pepper plants

The phenolic compounds present in the leaves of

uninoculated (Control), inoculated with Pseudomonas 42P4

and Cellulosimicrobium 60I1 strains, and Fertilized pepper

plants are shown in Table 3. A total of 18 phenolic compounds,

grouped in four families based on their chemical structure,

were identified and quantified: phenolic alcohols, flavonoids,

phenolic acids, and stilbenoids. This study revealed that the sum

of the phenolic compounds was higher in plants inoculated with

the Pseudomonas 42P4 strain and Fertilized treatments, whereas

plants inoculated with the Cellulosimicrobium 60I1 strain were

similar to the Control treatment.

As phenolic alcohols we identified hydroxytyrosol and

tyrosol. The concentration of both compounds was highest

in the Fertilized treatment (4.92mg g−1), followed by the

Control (2.17mg g−1), but the inoculated treatments had

lower concentration.

In the flavonoid family, the following compounds were

identified and quantified: (+)-catechin, rutin, (-)-gallocatechin

gallate, (-)-epigallocatechin gallate, quercetin, astilbin, naringin,

naringenin, myricetin, and procyanidin B1. The Fertilized

treatment had the highest concentration of total flavonoids

(152.71mg g−1), followed by Pseudomonas 42P4 (140.55mg

g−1), Cellulosimicrobium 60I1 (52.38mg g−1), and the Control

(45.58mg g−1). The (+)-catechin and procyanidin B1 were

only detected in the Pseudomonas 42P4 treatment. The 42P4
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FIGURE 4

(A) Stomatal conductance and (B) Chlorophyll quantum e�ciency (Fv/Fm) of pepper plants of 90 day-old grown in pots and treated with: Fert:

Fertilized; 42P4: Pseudomonas 42P4; 60I1: Cellulosimicrobium 60I1; 64S1: Enterobacter 64S1; 53F: Ochrobactrum 53F and Control (without

bacteria). Data are presented as mean ± SEM of 10 independent biological replicates. Di�erent letters indicate significant di�erences according

to one-way ANOVA with Duncan’s multiple range test. P (A) = 0.0025 and P (B) = 0.0009.
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TABLE 1 Biochemical parameters determined in 90 days-old pepper plants.

Treatments Chlorophyll a

(µg mg−1 leaf)

Chlorophyll b

(µg mg−1 leaf)

Total
chlorophyll (µg

mg−1 leaf)

Carotenoids
(µg mg−1 leaf)

Anthocyanins

(mg−1 leaf)

Control 4.32± 1.21b 2.00± 0.30a 6.32± 1.24b 1.17± 0.14b 0.32 < 0.01a

Fertilized 5.03± 0.58a 2.10± 0.25a 7.13± 0.63a 1.58± 0.19a 0.34 < 0.01a

Pseudomonas 42P4 5.00± 0.36a 2.08± 0.23a 7.08± 0.42a 1.36± 0.11a 0.32 < 0.01a

Cellulosimicrobium

60I1
4.98± 0.65a 2.01± 0.32a 7.11± 0.72a 1.42± 0.08a 0.29 < 0.01a

Enterobacter 64S1 5.01± 0.47a 2.04± 0.18a 7.05± 0.50a 1.45± 0.10a 0.30 < 0.01a

Ochrobactrum 53F 5.01± 0.56a 2.07± 0.28a 7.08± 0.62a 1.38± 0.16ab 0.33 < 0.01a

Data are presented as mean ± SEM of six independent biological replicates. Different letters indicate significant differences (P < 0.0001) according to one-way ANOVA with Duncan’s

multiple range test.

FIGURE 5

Chlorophyll index (SPAD) of pepper plants of 90 day-old grown in pots and treated with: Fert: Fertilized; 42P4: Pseudomonas 42P4; 60I1:

Cellulosimicrobium 60I1; 64S1: Enterobacter 64S1; 53F: Ochrobactrum 53F and Control (without bacteria). Data are presented as mean ± SEM

of 10 independent biological replicates. Di�erent letters indicate significant di�erences (P < 0.0099) according to one-way ANOVA with

Duncan’s multiple range test.

had the highest concentration of (-)-gallocatechin gallate

(35.98mg g−1), followed by Fertilized and Cellulosimicrobium

60I1 (30.95 and 15.61mg g−1, respectively) and they differed

from the Control (12.15mg g−1). The Fertilized had the

highest concentration of naringin (68.68mg g−1), followed by

Pseudomonas 42P4 and Cellulosimicrobium 60I1 (54.93 and

32.91mg g−1, respectively) and they differed from the Control

(24.66 mg g−1).

As phenolic acids, cinnamic, p-coumaric, and ferulic

acids were quantified. The 42P4 had high concentrations
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TABLE 2 Yield component parameters of pepper plants of 110 days-old.

Treatments Days to
flowering

N◦

flowers/plant
N◦

fruits/plant
Fruit length

(mm)
Fruit

diameter
(mm)

Fruit dry
weight (g)

Control 91 10.76± 1.23b 5.67± 0.36b 86.32± 3.20b 58.49± 1.90c 5.28± 0.97c

Fertilized 90 15.20± 1.67a 7.96± 0.77a 94.10± 4.09a 60.98± 2.22b 8.84± 1.06a

Pseudomonas 42P4 90 14.36± 1.62a 7.20± 0.48a 93.57± 3.46a 62.86± 2.25a 7.65± 0.99a

Cellulosimicrob.

60I1
90 14.53± 1.54a 7.42± 0.53a 93.28± 3.85a 60.35± 2.20b 7.52± 1.04a

Enterobacter 64S1 91 11.18± 1.49b 7.00± 0.51a 89.13± 2.54ab 63.84± 2.91a 6.97± 0.98b

Ochrobactrum 53F 90 13.15± 1.28a 5.98± 0.39b 92.56± 4.24a 62.11± 2.23a 7.26± 1.02a

Data are presented as the mean ± SE of a total of 10 pepper plants for each treatment. Different letters indicate significant differences (P < 0.0001) according to one-way ANOVA with

Duncan’s multiple range test.

FIGURE 6

Biplot of principal components analysis of the e�ect of PGPR strains on the parameters evaluated in pepper plants grown in pots under

greenhouse conditions.

of total phenolic acids (39.63mg g−1), followed by

Fertilized, Control, and 60I1 (35.96, 9.14, and 5.50mg

g−1, respectively). The Pseudomonas 42P4 and Fertilized

treatments had high concentrations of cinnamic acid (32.07

and 28.92mg g−1, respectively). The Pseudomonas 42P4

had the highest concentration of ferulic acid (7.24mg

g−1), followed by Fertilized and Cellulosimicrobium

60I1 (6.60 and 1.95mg g−1), but it was not detected

in the Control. The Control had high concentrations of

p-coumaric acid.

The stilbenoid group includes polydatin, trans-resveratrol

and pterostilbene. The Control had high concentrations of

total stilbenoid (16.16mg g−1) followed by Pseudomonas 42P4,

Fertilized and Cellulosimicrobium 60I1 (11.97; 9.24 and 6.06mg

g−1). The Control had the highest concentration of polydatin,

triple the content of the other treatments; while Pseudomonas

42P4 had higher concentrations of trans-resveratrol.

Discussion

Capsicum annuum is an important commercial horticultural

crop that has high nutritional value (Shiragaki et al., 2020).

Bioinoculants formulated with PGPR are an alternative for

increasing production while reducing adverse effects on the

environment. In our study, the inoculation with PGPR

stimulated the growth and nitrogen uptake of pepper plants.

The greater absorption of nitrogen in the inoculated plants
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TABLE 3 Phenolic compounds quantified in pepper leaves of plants subjected to di�erent treatments.

Compound Control Cellulosimicrobium

60I1
Pseudomonas 42P4 Fertilized

Phenolic compounds

Simple phenolic alcohols

Hydroxytyrosol 1.69± 0.26b 0.75± 0.08c 0.15± 0.01c 4.37± 0.26a

Tyrosol 0.48± 0.10a 0.46± 0.08a 0.56± 0.08a 0.55± 0.02a

∑
Simple phenolic alcohols 2.17± 0.27b 1.21± 0.11c 0.71± 0.08c 4.92± 0.26a

Flavonoids

(+)-Catechin n.d.∗ n.d.∗ 0.82± 0.28 n.d.∗

Rutin 0.92± 0.28b 0.15± 0.01c 2.93± 0.03a 2.95± 0.08a

(-)-Gallocatechin gallate 12.15± 1.07c 15.61± 2.34b 35.98± 2.42a 30.95± 2.69a

(-)-Epigallocatechin gallate 4.14± 0.25b 0.65± 0.06c 8.25± 0.23a 0.69± 0.06c

Quercetin 0.68± 0.16c 0.78± 0.09c 15.97± 0.31a 11.13± 0.36b

Astilbine n.d.∗ n.d.∗ 8.85± 0.96b 25.80± 1.69a

Naringin 24.66± 0.57c 32.91± 1.80b 54.93± 3.37a 68.68± 3.24a

Naringenin n.d.∗ n.d.∗ 0.39± 0.04a 0.36± 0.06a

Myricetin 3.03± 0.23b 2.28± 0.19b 10.31± 0.96a 11.43± 1.28a

Procyanidin B1 n.d.∗ n.d.∗ 2.14± 1.02 n.d.∗

∑
Flavonoids 45.58± 2.07c 52.38± 4.48c 140.55± 2.31b 151.99± 0.53a

Phenolic acids

Cinnamic acid 8.31± 0.30b 3.35± 0.66c 32.07± 4.45a 28.92± 2.62a

P-coumaric acid 0.83± 0.57a 0.20± 0.02c 0.32± 0.10c 0.44± 0.00b

Ferulic acid n.d.∗ 1.95± 0.23c 7.24± 0.45a 6.60± 0.21b

∑
Phenolic acids 9.14± 0.64b 5.5± 0.69c 39.63± 4.47a 35.96± 2.62a

Stilbenoids

Polydatin 10.83± 1.77a 0.81± 0.08c 2.68± 0.19b 3.62± 0.25b

Trans-resveratrol 3.28± 0.94b 3.36± 0.25b 7.89± 2.37a 3.99± 0.64b

Pterostilbene 2.05± 0.25a 1.89± 0.51a 1.40± 0.21b 1.63± 0.12b

∑
Stilbenoids 16.16± 2.01a 6.06± 0.57c 11.97± 2.38b 9.24± 0.69b

∑
Total phenolic compounds 73.02± 5.58b 65.13± 5.22b 192.83± 0.63a 202.81± 3.02a

Data are presented as mean ± SEM of three independent biological replicates. Different letters indicate significant differences (P < 0.0001) according to one-way ANOVA with Duncan’s

multiple range test.
∗n.d., non-detectable. The results are expressed in mg g−1 of dry material.

favored an increase in the physiological parameters, such as

the content of total Chl, Chl index, and maximum quantum

yield of PSII (Fv/Fm). The increase in Chl and the stability

of the photosynthetic rate allow us to explain the increase in

morphological variables, such as the stem diameter and the aerial

and root dry weights. Pérez-Rodriguez et al. (2020) showed

that the strains used in this study produce indole acetic acid

and siderophores, fix nitrogen and solubilize phosphate. In

the present study, we suggest that these mechanisms could be

involved in the higher dry matter of the inoculated plants.

Similar results have been reported in other plant species

inoculated with PGPR (Samaniego-Gámez et al., 2016; Lopes

et al., 2018; Hafez et al., 2019; Anbi et al., 2020).

The greater vegetative development in the inoculated

plants improved the parameters associated with the yield

components. The inoculated plants had a greater number

of flowers associated with a greater probability of fruit set,

which correlated with an increase in yield. The higher fruit

dry weight of the inoculated plants could be a consequence

of the higher photosynthetic rate, which induced a higher

fixation of photo-assimilates that favor the filling of

the fruits.
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FIGURE 7

Summary diagram of the main phenolic compounds in pepper plants grown in pots and treated with: Fert: Fertilized; 42P4: Pseudomonas 42P4;

60I1: Cellulosimicrobium 60I1 and Control (without bacteria).

The principal component analysis showed that the

treatments inoculated with Cellulosimicrobium 60I1 and

Pseudomonas 42P4 behaved similarly to the Fertilized treatment

and these strains were the most effective inoculation treatments.

We suggest that the strains have displayed various growth

promotion mechanisms, inducing an improvement in the

growth and yield parameters with respect to the Control

treatment. Similar results have been reported after inoculation

with different PGPR in chrysanthemum (Kumari et al., 2016),

blackberry (Robledo-Buriticá et al., 2018), strawberry (Ipek

et al., 2014; Kurokura et al., 2017), and cherry tomato plants

(Aini et al., 2019).

An increase in the total phenolic compounds has frequently

been reported in different plant species inoculated with PGPR.

However, to deepen the topic, we studied four families of

phenolic compounds. In this way, the individualization of

each compound helped us to clarify their possible role in

the inoculated pepper plants. So, the abundance of flavonoids

in plants inoculated with the Pseudomonas 42P4 strain may

be related to the effective colonization of the root system

by bacteria. The role of flavonoids in the signaling that

mediates root colonization by PGPR is well-documented

(Mierziak et al., 2014).

The compound (+)- catechin was only detected in the

treatment inoculated with Pseudomonas 42P4. The role of

catechin has not been clearly defined in plant physiology

(Bais et al., 2010). Rani et al. (2011) indicated that the

exogenous application of this compound in Arabidopsis

thaliana plants improved the net photosynthetic rate, stomatal

conductance, and indole acetic acid (IAA), also enhancing

biomass accumulation, leaf area and leaf thickness. Other

authors reported that catechin is associated with tolerance to

oxidative stress and cold acclimatization in plants (Yiu et al.,

2011; Ding et al., 2019). These antecedents led us to suggest

that inoculation with strain Pseudomonas 42P4 stimulates the

synthesis endogenous of (+)-catechin, which might induce a

positive response in growth, nitrogen accumulation, enhanced

Chl and photosynthetic rate, which leads to a greater

accumulation of biomass and an increased yield. Similar results

were reported by Chakraborty et al. (2015) in tea plants

inoculated with Bacillus megaterium.

The inoculated and Fertilized treatments had the highest

concentration of endogenous naringin and myricetin. These

compounds are considered as a non-enzymatic antioxidant

mechanism effective in the elimination of reactive oxygen

species (Csepregi and Hideg, 2018; Liu et al., 2021). According

to our results, we suggest that the metabolic balance observed

in the photosynthetic rates and physiological parameters in

inoculated plants pepper could be related to the antioxidant

capacity conferred by antioxidant compounds, such as naringin

and myricetin.

Naringenin was only detected in the Pseudomonas 42P4 and

Fertilized treatments. Naringenin is a precursor for the synthesis

of other flavonoids (Liu et al., 2021). It is feasible to suggest
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that both treatments induce the production of naringenin,

stimulating the production of other flavonoids in pepper plants.

This hypothesis is confirmed by the fact that procyanidin

B1 concentrations were also higher in the Pseudomonas 42P4

treatment. However, the results allow us to suggest an alternative

hypothesis based on the accumulation of (+)-catechin for

the production of procyanidin B1 in plants inoculated with

Pseudomonas 42P4. A recent study indicated that (+)-catechin

is closely linked to the synthesis of procyanidin B1 in Camellia

sinensis (Wang et al., 2020).

The flavonoid (-)-epigallocatechin gallate was only

quantified in the Pseudomonas 42P4 treatment. Therefore,

it can be suggested that the 42P4 strain acts by modifying

or modulating the levels of endogenous (-)-epigallocatechin

gallate, favoring the accumulation of biomass and increasing

the contents of photosynthetic pigments of plants. This

compound increased seed germination and the growth of

tomato seedlings. In addition, (-)-epigallocatechin gallate is a

known protective agent against different types of stress such

as salt stress, heat, cold, and drought. The beneficial effect

of (-)-epigallocatechin gallate is based on the protection of

the photosynthetic apparatus through the reduction of ROS

(Ahammed et al., 2018; Li et al., 2019). Hong et al. (2015)

reported that exogenous (-)-epigallocatechin gallate induces

antifungal defense in Arabidopsis thaliana.

The Pseudomonas 42P4 treatment had the highest

concentration of phenolic acids. Themost abundant compounds

quantified in this treatment were cinnamic and ferulic acids

that have antioxidant activity and are effective in controlling

pathogens. Therefore, Pseudomonas 42P4 may promote induced

systemic resistance by stimulating the synthesis of these

compounds. These family compounds can act as powerful

antifungals, improving the response of pepper plants against

the attack of phytopathogens. These results agree with studies

carried out under in vitro conditions where an increase in

endogenous phenolic acids was demonstrated when confronting

strains of P. aeruginosa and P. fluorescens in the presence of

Sclerotium rolfsii, which is an important phytopathogen in

pepper crops (Singh et al., 2012). In this sense, other authors

reported that inoculation with P. fluorescens and Microccucuce

yunnanensis increased the endogenous levels of cinnamic acid

(Sarma et al., 2002; Sarma and Singh, 2003; Singh et al., 2012;

Rahimi et al., 2020).

The higher concentration of trans-resveratrol was quantified

in the Pseudomonas 42P4 treatment. This compound may

benefit the health of pepper plants because it intervenes

in the response of plants against fungal attacks. Similar

results were reported in another study where grapevine

plants inoculated with Paraburkholderia phytofirmans

modulated the levels of stilbenoids (Miotto-Vilanova et al.,

2019).

In summary, this study demonstrated that Pseudomonas

42P4 and Cellulosimicrobium 60I1 are two promising native

strains that can be used to improve the growth, development,

and production of pepper plants. However, the response of

Pseudomonas 42P4 was more effective than Cellulosimicrobium

60I1, and Pseudomonas 42P4 inoculation modified the phenolic

compound profile similarly to the Fertilized treatment.

Figure 7 shows a schematic representation of the main changes

produced by the different treatments. Pseudomonas 42P4

induced the synthesis of different endogenous polyphenolic

compounds mainly related to chemotaxis (flavonoid family),

antioxidant capacity (catechin, naringin, naringenin, myricetin,

procyanidin B1, and epigallocatechin-gallate), and the

induction of resistance to pathogens because trans-cinnamic

acid and benzoic acid are precursor of salicylic acid, a

hormone that mediates host response upon pathogen

infection. Also cinnamic and ferulic acid participate in the

response to pathogen attack. These results contribute to

understanding the changes in the endogenous levels of the

phenolic compound profile. However, studies with exogenous

application of these compounds are necessary to corroborate

the proposed hypothesis. Finally, Pseudomonas 42P4 can

be used as a bioinoculant in pepper plants to allow better

agronomic management, decreasing the use of chemical

fertilizers to contribute to climate-smart and sustainable

agriculture, improving productivity and contributing

efficiently to the country’s economy and the conservation

of natural resources.
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