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Abstract

Crop inoculation with plant growth-promoting rhizobacteria (PGPR) is a sustainable alternative to diminish the excessive use of
chemical fertilizers in agriculture. However, there is little information about PGPR inoculation effects under field conditions and even
less on industrial tomato production. We aimed to study the effects of a sole inoculation at seedling stage with Pseudomonas
fluorescens RtoM10, Azospirillum brasilense Az39, and their combination on growth and yield of two industrial tomato varieties
UCO 14 (UCO) and Harris Moran 3861 (HM). We compared these PGPR inoculation treatments with chemically fertilized and non-
fertilized (control) seedlings under field conditions. We found that inoculation with RtoM10, Az39, and their combination increased
seedling root dry weight by 62%, 41%, and 23%, respectively and shoot dry weight by 29%, 23%, and 2%, respectively compared with
non-inoculated control, improving tolerance to transplant stress. Inoculation with RtoM 10, Az39, and their combination increased stem
diameter by 15%, 16%, and 13%, respectively, while RtoM10 and the combination treatments increased leaf chlorophyll and
carotenoid levels compared with non-inoculated plants. Az39 increased fruit number (35%) and fruit weight (38%) per plant in
HM, whereas in UCO variety, the increase was the highest (48% and 49%, respectively). Seedling inoculation increase fruit firmness
and equatorial and polar fruit diameter by 24%, 10%, and 12%, respectively in HM and by 21%, 14%, and 14%, respectively in UCO.
Opverall, bio-inoculation with RtoM10 and/or Az39 was beneficial for tomato seedlings at transplanting and supported fruit yield and
quality (total soluble solid content, pH, and titratable acidity) equally or better than chemically fertilized seedlings.
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1 Introduction

The world’s population is expected to increase by two billion
people in the next 30 years, and therefore, a boost in crop

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s42729-020-00233-x) contains supplementary
material, which is available to authorized users.

< Ana Carmen Cohen
acohen@fca.uncu.edu.ar

Instituto de Biologia Agricola de Mendoza - Facultad de Ciencias
Agrarias, Consejo Nacional de Investigaciones Cientificas y
Técnicas, Universidad Nacional de Cuyo, Almirante Brown 500,
(5507) Chacras de Coria, Mendoza, Argentina

Estacion Experimental Agropecuaria La Consulta - Instituto
Nacional de Tecnologia Agropecuaria, Ex Ruta 40, Km 96. (5567)
La Consulta, San Carlos, Mendoza, Argentina

Area de Ciencia y Técnica, Universidad Juan A. Maza, Av. Acceso
Este, Lateral Sur 2245, (5529) Guaymallén, Mendoza, Argentina

@ Springer

productivity is required to feed the ever-growing population.
In order to protect crops from pests and pathogens and in-
crease the global food production, the use of agrochemicals
is frequent, since conventional agriculture is mostly dependent
on chemical fertilizers and pesticides (Bhardwaj et al. 2014;
Damalas and Eleftherohorinos 2011). Nevertheless, this ap-
proach promoted the overuse of chemicals in some areas,
leading to a degradation of agricultural lands with consequent
negative impacts on the environment (Rahman and Zhang
2018).

Despite the high quantity of nitrogen (N) used for crop
fertilization, plants are capable to assimilate only 30-40% of
the total quantity applied. The major losses occur through
leaching, denitrification, and volatilization of ammonium to
the atmosphere (Jewell et al. 2010). Besides, N excess causes
groundwater contamination (Ahmed et al. 2017). After N,
phosphorus (P) is the major plant growth-limiting nutrient,
since significant amounts of this element in soils are insoluble,
and only a small proportion is available to plants (Gyaneshwar
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et al. 2002). Moreover, P fertilization is not efficient because
soluble P is highly reactive with Ca, Fe, and Al, forming
insoluble compounds that precipitate (Gyaneshwar et al.
2002). Besides, excessive fertilization with P produces eutro-
phication of surface waters.

Considering the above scenario, the use of plant growth-
promoting rhizobacteria (PGPR) in agriculture could be a sus-
tainable and environmentally friendly solution for crop fertil-
ization by reducing the negative impact associated with the
excessive use of chemical fertilizers (Glick 2014; Ijaz et al.
2019, 2020). PGPR exert a beneficial effect on plant growth
through direct and indirect mechanisms. Direct promotion in-
cludes enhanced nutrient availability and nutrient use efficien-
cy through P solubilization, siderophore production, and N
fixation, as well by reducing microbial-produced ethylene
with 1-aminocyclopropane-1-carboxylate deaminase, and
production of phytohormones (Bottini et al. 2004; Cohen
et al. 2015; Glick 2012, 2014; Salomon et al. 2014). Indirect
promotion mechanisms include protection of plants against
pathogenic agents, acting as biocontrol bacteria due to produc-
tion of siderophores, antibiotics, and terpenes and induction of
systemic resistance (Piccoli and Bottini 2013; Salomon et al.
2014). The principal PGPR used as biofertilizers include spe-
cies of the genera Azospirillum, Azotobacter, Bacillus,
Pseudomonas, Burkholderia, Streptomyces, and Rhizobia
(Glick 2012).

Tomato is the second most cultivated horticultural crop
worldwide. Argentina occupies the 12th position in the global
production ranking, reaching 436.000 tons in 2017-2018,
with Cuyo region (central West Argentina) contributing with
77% to the total production. Mendoza is located in Cuyo re-
gion and is one of the main industrial tomato-producing areas.
Given that the national demand is not satisfied by the local
industry (Argerich and Smith 2018), increasing yields is of
great interest. However, increasing tomato industry yields
may require large quantities of chemical fertilizers underpin-
ning the negative consequences mentioned above.

There are many reports about of positive effects of PGPR
inoculation on yield and quality of fresh tomato varieties un-
der greenhouse conditions (Gravel et al. 2007; Mena- Violante
and Olalde-Portugal 2007), but little evaluation has been con-
ducted under field conditions (Bona et al. 2017, 2018;
Kokalis-Burelle et al. 2002; Nzanza et al. 2012).
Nevertheless, to date, tomato field experiments studying inoc-
ulation with microorganisms have been focused mostly on
using arbuscular mycorrhizal fungi (AMF) alone, in combina-
tion with PGPR (Kokalis-Burelle et al. 2006; Ordookhani
et al. 2013), or with formulations of several PGPR (Bona
et al. 2017; Kokalis-Burelle et al. 2006). One of the major
challenges in this area of research is the correct application
of bacterial inoculants in an open field for sustainable nutrient
management (Bhardwaj et al. 2014). However, there are no
reports concerning the effects of PGPR on industrial tomato

varieties. Therefore, it is necessary to perform field experi-
ments with PGPR in order to increase crop yields while re-
ducing the negative environmental impact of chemical fertili-
zation. Nevertheless, the proper PGPR strain needs to be se-
lected in each PGPR soil-crop system, and the mode of inoc-
ulation must be optimized to maximize the promoting effects
(Ruzzi and Aroca 2015). Thus, the aim of this study was to
evaluate the effect of a single root inoculation at the seedling
stage with Pseudomonas fluorescens RtoM10, Azospirillum
brasilense Az39, and the combination of both on yield and
fruit quality of two industry tomato varieties in a field trial
under a reduced fertilization regime.

2 Materials and Methods
2.1 Bacterial Cultures

Two bacterial strains and their combination were used to in-
oculate tomato plants. Pseudomonas fluorescens RtoM10
(Rt6M10) has been previously isolated from the roots of
Vitis vinifera (GenBank accession number KF717080) and
was described in Salomon et al. (2014), while Azospirillum
brasilense Az39 (Az39) was provided by Alejandro Perticari
(Agriculture Collection Laboratory of IMYZA-INTA
Castelar, Argentina). Both species fix N; solubilize tricalcium
phosphate; produce siderophores and phytohormones, such as
indole-3-acetic acid, abscisic acid, and gibberellins (Bottini
et al. 2004; Garcia et al. 2017; Perrig et al. 2007; Salomon
etal. 2014). One colony of RtoM10 or Az39 was pre-cultured
on Luria Broth Base (Miller’s LB Broth Base, Invitrogen,
Buenos Aires, Argentina) liquid medium in an orbital shaker
(Boeco PSU-10i, Hamburg, Germany) at 32 °C and 120 rpm
until reaching a concentration of 10® colony forming units
(CFU) mL". Each bacterium was harvested by centrifugation
at 8000g for 10 min at 4 °C, and the pellets were washed with
sterile phosphate-buffered saline (PBS) (Cohen et al. 2015).
After centrifugation, cultures were diluted to a concentration
of 107 CFU mL ™" for Az39 or 10° CFU mL "' for Rt6M10 for
further inoculation. These inoculum sizes were selected in
previous experiments as being the most effective in seedling
growth promotion.

2.2 Plant Materials, Treatments, and Greenhouse
Growth Conditions

Two industrial varieties of tomato (Lycopersicon esculentum
L.), UCO 14 (UCO) and Harris Moran 3861 (HM), were used
in this study. HM is a commercial hybrid, highlighted for its
productivity and quality, while UCO is a promising new va-
riety in terms of yield and quality (especially considering that
it is an open-pollinated cultivar) released by La Consulta
Experimental Station, INTA, Argentina. Seeds were surface
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disinfected with 2% sodium hypochlorite for 5 min, followed
by washes with sterile water according to Cohen et al. 2009.
For germination, tomato seeds were placed in seedbeds con-
taining three parts of substrate Kekkild DSM 1 W (Kekkild
professional, Vantaa, Finland) and one part of perlite No. 4.
The substrate contained 70% brown and 30% dark Sphagnum
fuscum dominant peat, N-P,05-K,0 15-12-29, and microel-
ements 0.6 kg m >, with pH 5.9 and electrical conductivity
(EC) 0f 0.2 dS m™". The seedbeds were placed in a greenhouse
at 22 +2 °C and watered every 2 days. When the seedlings
had two fully expanded leaves, the following treatments were
applied: 1) control: 1-mL PBS; 2) fertilizer: 1-mL solution of
7-g L' Hakaphos® Base 18:18:18 (COMPO, Spain), a
completely water soluble fertilizer for fruit and vegetable
crops, free of chlorine and urea with EDTA-chelated trace
elements; 3) Az39: 1-mL PBS with 10’ CFU mLfl; 4)
Rt6M10: 1-mL PBS containing 10° CFUmL % 5) combina-
tion: 1-mL PBS containing 10’ CFU mL ™' of Az39 +
10° CFU mL™' Rt6M10. All treatments were applied on the
soil surface. The seedlings were watered with tap water to
keep the soil water status at 90% field capacity. After 3 weeks,
the seedlings were transplanted to field conditions previous
rustication. At this moment, 12 plants from each treatment
were also selected to assess shoot and root dry weight (SDW
and RDW, respectively).

2.3 Field Site

The experiments were conducted between September 25th
and March 10th in an experimental field located at INTA La
Consulta (latitude 33°42" S, longitude 69°04’ W, altitude
947 m a.s.l.), Mendoza, Argentina. Daily data on mean tem-
perature, relative humidity, and precipitation were taken from
the weather station of INTA La Consulta (electronic
supplementary material 1). The soil was classified as fine
sandy loam, typic Torrifluvent, La Consulta series (Soil
Survey Staff 2014). The detailed physical/chemical soil pa-
rameters are presented in Table 1.The N content (Kjeldahl) is
considered medium, while the contents of P (extracted with
bubbling with CO, in soil water ratio 1:10) and K (exchange-
able in ammonium acetate pH 7) were considered very high.
The levels of N-P-K in soil were evaluated in the different
phenological phases of the tomato plants.

2.4 Sowing and Crop Management

Two field experiments were carried out in two consecutive
years (2016-2017 and 2017-2018) with an area about
475 m*. However, because the magnitude of responses was
similar in both years of the experiment, the results of the
20162017 cropping year are presented in this work. Plants
were arranged in rows of 52.8 m. Three rows were used for the
different treatments. Thirteen plants by treatment were

@ Springer

Table 1 Physical/chemical soil properties of the experimental field
Determinant Value
Texture class Sandy loam
pH 7.93
Electrical conductivity (dS m ") 0.93
Saturation percentage (%) 28.75

Soil organic matter (%) 1.2

Total nitrogen (mg kg ) 600
Available phosphorous (mg kg ™) 10.2
Extractable potassium (mg kg ") 421

distributed every 33 cm in each row, and the distance between
the rows was 1.5 m, reaching a plant density of 20,202 plants
ha™'. Each treatment was arranged in a completely random-
ized design and was separated by a set of three non-inoculated
plants used as spacers. Plants were watered by using a drip
irrigation system. Measurements were recorded at the repro-
ductive stage. Fruit quality was analyzed at harvest time.

2.5 Sampling and Plant Parameter Determinations

Ninety days after transplanting, stem diameter, photochemical
efficiency of photosystem II (Fv/Fm), chlorophyll relative
amount, and photosynthetic pigment levels were evaluated.
In each plant, the diameter of the main stem was measured
with a digital micrometer at 5 cm from the plant base.
Chlorophyll relative content was determined using a portable
chlorophyll meter (SPAD-502, Konica Minolta Sensing,
Osaka, Japan). The Fv/Fm was calculated with a fluorometer
(Hansatech Instruments LTD, King’s Lynn, Norfolk, UK).
Pigment determinations were done spectrophotometrically as
described in Cohen et al. (2015). Total chlorophyll (Chl; Chl
a+ Chl b) and carotenoid levels were measured from 1-cm?
leaf area, and total phenolic compounds (TPCs) and anthocy-
anin levels were determined using 10-mg dry weight (DW)
leaf samples (Cohen et al. 2015). The leaves N (modified
Kjeldahl method, Nelson and Sommers 1973) and P content
(Jackson 1973) were also analyzed. At harvest time (115 days
after transplanting), the number and the fresh weight (FW) of
fruits per plant were assessed. Thirty plants of each treatment
were used (10 plants in each treatment by each row). In addi-
tion, of the total fruits harvested by treatment, 30 fruits were
randomly chosen, and equatorial and polar diameter was
measured.

2.6 Qualitative Analyses of Fruits

For the biochemical analysis, 4 fruits of the total of fruits
harvested per plant (10 plants of each treatment per row) were
pooled and homogenized. Therefore, each analysis consisted
of 30 replicates. The fruit total soluble solid content, pH value,
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and titratable acids were measured. Fruit total soluble solid
content was measured with a hand refractometer Poket PAL-
1 (ATAGO, Japan), in which two drops of filtered fruit juice
were placed on the prism for reading. Titratable acidity was
determined on 5-g fruit pulp homogenized using a blender
(Phillips, Argentine) with 50-mL distilled water. The extract
was filtered, 10-mL aliquots were taken, and NaOH 0.01 N
were added until neutralization. Titratable acidity percentage
was expressed as percentage of citric acid. The firmness of
fruits with skins was indirectly determined with a texture me-
ter (Fruit Firmness Tester FT 327 Facchini SRL, Italy), with a
plunger of 8§-mm diameter.

2.7 Statistical Analysis

All statistical analyses were performed with the InfoStat soft-
ware (InfoStat version 2016v. Grupo InfoStat, Argentina).
One-way ANOVA and Fisher’s least significant difference
(LSD) test was used to evaluate the effect of inoculation or
fertilization treatments (P <0.05) on seedlings and to analyze
pigment, N, and P levels on plants. To assess differences be-
tween treatments for parameters (stem diameter, Fv/Fm, chlo-
rophyll relative amount, fruit FW per plant, equatorial and
polar diameter, fruit total soluble solid content, pH value, ti-
tratable acids, and firmness), data were analyzed by fitting
linear mixed-effects models (GLM) considering variety (V),
inoculation (Ba), and their interaction as fixed factors («=
0.05). Post-hoc comparison of means was done with
Fisher’s multiple comparisons test. The fruit number per plant
was analyzed by fitting a generalized linear mixed model
(GLMM) with the Poisson distribution. Principal component
analyses (PCA) are presented as Biplot graphs.

3 Results
3.1 Effects of PGPR Treatments on Seedling Growth

The different bacterial suspensions (Az39, RtoM10, and Az39
+ Rt6M10) improved growth parameters in tomato seedlings
(UCO and HM) grown in seedbed conditions with respect to
the untreated individuals (control). The inoculation treatment
equaled or surpassed those fertilized at the seedling stage
(Fig. 1a). Both strains, Az39 and Rt6M10, were capable to
colonize soil and roots of tomato seedlings in each treatment.
Figure 1 shows data for HM variety, but similar results were
obtained with UCO (electronic supplementary material 2).
Root DW was 62% higher in RtoM10 as compared with
that in control. RDW in Az39 and in the combination treat-
ment were also higher than control and equaled those of chem-
ically fertilized seedlings (Fig. 1b). Similar results were ob-
tained in respect with SDW, where RtoM10 and Az39 in-
creased this variable by 29% and 23%, but only Rt6M10
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Fig. 1 a Photograph of non-inoculated 50-day-old tomato plants variety
HM 3861 (HM) (control), fertilized and inoculated with Azospirillum
brasilense Az39 (Az39), combination (Az39 + Rt6M10), or
Pseudomonas fluorescens RtoM10 (Rt6M10). b Root dry weight
(RDW, mg). ¢ Shoot dry weight (SDW, mg). d SDW/RDW ratio.
Values are means + SE (n=12). Different letters indicate significant
differences (P <0.05)
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differentiated from SDW of'the chemically fertilized seedlings
(12%). The combination treatment did not differ with control
(Fig. 1c). The ratio between SDW/RDW in control was great-
er than that for the other treatments (Fig. 1d).

3.2 Field Study: Plant Parameters in the Reproductive
Stage

The stem diameter in UCO variety was bigger than HM. The
inoculation with Az39, combination, or RtoM10 significantly
increased the stem diameter compared with non-inoculated
plants and equaled the fertilized treatment in both varieties
(Table 2). The effects of bacterial treatments were similar in
both varieties, and there was no interaction between variety
and inoculation treatment (Table 2). Fv/Fm was similar be-
tween control and inoculated treatments (Az39 and/or
Rt6M10). However, the fertilization of seedlings decreased
Fv/Fm in the two varieties (Table 2). SPAD index, indicative
of chlorophyll relative content, increased with respect to con-
trol and presented intermediate values for the plants fertilized
at the seedling stage (Table 2).

Also, total chlorophyll, carotenoid, photoprotective com-
pounds, anthocyanin, N, and P levels in leaves of HM
(Table 3) and UCO (electronic supplementary material 3)
were measured. RtoM10 and the combination treatment in-
creased total chlorophyll levels compared with control, which
showed similar levels to the fertilized treatment. The caroten-
oid levels were increased by RtoM 10, the combination treat-
ment, and the fertilized treatment with respect to the control.
Total photoprotective compounds were increased only by
Rt6M10. Treatments did not affect anthocyanin levels in
leaves. There was no significant difference between control,
fertilized, and Az39 or Rt6M10 treatments, but the

combination treatment decreased the P content. The control,
Az39, and Rt6M10 treatments were statistically similar in N
content, but fertilized and combination treatments showed the
highest N content.

3.3 Fruit Yield

Irrespective of treatment, HM had more ripe fruits than UCO,
although differences disappeared when fruit FW was consid-
ered (Fig. 2 a and b). For both cultivars, fertilization of seed-
lings and inoculated plants rendered more ripe fruits with a
higher yield than control (Fig. 2a). Plants inoculated with
Az39 showed the maximum increase in the number and FW
of fruits per plant (35% and 38% in HM, whereas 48% and
49% in UCO, respectively) in comparison with control. The
fruit FW was the lowest in UCO. Seedling chemical fertiliza-
tion was more effective in UCO variety without differences
with inoculation. In the two varieties, the inoculation treat-
ment increased fruit FW (Fig. 2b). The tomato fruit shape
was different; HM had lower equatorial diameter than UCO,
while UCO had lower polar diameter than HM (Table 4).
Notwithstanding, both the equatorial diameter and the polar
diameter were increased by seedling fertilization (between 4
and 5% in HM and 9 and 10% in UCO, respectively) and
inoculations (between 10 and 12% in HM and 14% in UCO,
respectively), with the effect of the latter being greater in the
two varieties assessed in comparison with control (Table 4).

3.4 Qualitative Analyses of Fruits

Firmness of the fruit was similar in both varieties and was
equally increased by seedling chemical fertilization and inoc-
ulation combination, but augmented even more in those

Table 2 Stem diameter,

maximum quantum efficiency of Variety Treatments Stem diameter (mm) Fv/Fm Spad index
PSII (Fv/Fm), and spad index
from tomato plants (HM and HM Control 13.49+£0.29° 0.80+ 0.0Iab 5556+ 055d
UCO varieties) cultivated in a Fertilized 15.83£0.31%¢ 0.76+0.01° 57.00+0.96°¢
field trial. Treatments: non- AZ39 16.07 %032 0.8040.01% 5830+ 1,037
inoculated plants (control), fertil- o . ab abe
ized at seedling stage, and inocu- Combination 15.26+0.22 0.80+0.01 58.53+0.82
lated with Azospirillum brasilense Rt6M10 15.52+0.22% 0.78+0.01° 5821 +1.07%°
Az39 (Az39), combination (Az39  yco Control 14.37+0.25¢ 0.80+0.01% 56.13+0.74%
+ Rt6M10), or Pseudomonas . ab ¢ abed
huorescens RIGMI0 (RI6GM10) Fertilized 16.39+0.22 X 0.75+0.01 57.77+0.74

AZ39 16.17 £0.25° 0.81+0.01 59.83+0.86"

Combination 15.97 +0.328%° 0.79+0.01° 58.33+£0.91%

Rt6M10 16.42 £0.23° 0.81+0.01%° 58.58 £0.87%

P (V) 0.0003 0.8043 0.2720

P (Ba) <0.0001 <0.0001 0.0023

P (V x Ba) 0.5979 0.1708 0.9048

P(V), effect of HM and UCO varieties; P(Ba), inoculation and fertilized treatment; P(V x Ba), interaction effect.
Values are means + SE (n=30). Statistical comparisons are among treatments within a single column. The
different letters indicate significant differences using Fisher’s LSD test at P < 0.05
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Table 3

Levels of total chlorophyll, carotenoids, total phenolic compounds (TPC), anthocyanins, and P and N content measured in tomato plants HM.

Treatments: non-inoculated plants (control), fertilized at seedling stage, and inoculated with Az39, RtoM10, and combination (Az39 + Rt6M10)

Treatments  Chl (ug cm 2 Carotenoids (pg em 2 TPCs (OD30ps mg  Anthocyanins (ODsy4s mg P content (mg g7l N content (mg g7l
leaf) leaf) leaf) leaf) leaf) leaf)

Control 951+1.21° 1.50+0.12¢ 0.33+0.06° 0.04£0.010° 259+0.14° 40.74+035%®

Fertilized 10.81+2.04™  1.93+0.26° 0.33+0.04° 0.04 +0.047° 234+0.04° 43.23+040°

Az39 9.66+1.75° 1.57+0.38% 0.31+0.03° 0.04+0.010° 228+0.05° 37.77+£021°

Combination 11.12+1.15* 1.72+0.14> 0.31+0.05° 0.03+0.001* 2.01+0.03° 43.57+2.23*

Rt6M10 11.56 +1.78% 1.87 +£0.24% 0.38+0.03* 0.03+0.010* 249+0.19? 39.08+0.11°
P=0.0093 P=0.0002 P=0.0028 P=0.1236 P=0.0396 P=0.0096

Values are means + SE (n = 12 and n = 3 for P content and N content). Statistical comparisons are among treatments within a single column. The different

letters indicate significant differences using Fisher’s LSD test at P < 0.05

inoculated with bacteria (Az39 or Rt6M10) (Table 4). HM
variety presented fruits with higher soluble solid (5.76 +
0.42) content than UCO (5.16 +0.43). The °Brix was not af-
fected either by inoculation or fertilization in HM variety,
without any interaction between variety and inoculation treat-
ments. Considering UCO variety, only the fruits produced by
plants inoculated with RttM10 presented a higher total solu-
ble solid content compared with control and the chemically
fertilized treatment (Table 4). pH of fruits was not influenced
by inoculation, although it presented higher values in UCO
than in HM variety. There was no interaction between variety
and inoculation. In HM, there were pH differences in Rt6M 10
and combination compared with control (Table 4). Titratable
acidity was affected by inoculation, variety, and their interac-
tion (Table 4). In the fruits of HM, the major values of titrable
acidity were observed in control, followed by the chemically
fertilized treatment. The inoculation with Az39 or RtoM10
induced a reduction of this parameter as compared with con-
trol and the chemically fertilized seedlings. However, Az39 +
Rt6M10 presented a lower value compared with control but
did not differ with that of the chemically fertilized seedlings.
In fruits of UCO variety, control presented the higher values
as compared with the other treatments. Only the inoculation

(a) :\é:)BM1
404 AV*Ba)= 0.2460
k" Y
% 30- Z ch Cb
= 7
10+ Z
7

3 Control @B Fert

Fig.2 a Number and b fresh weight (FW) of fruits per plant from tomato
plants of varietiecs HM and UCO cultivated in a field trial. Treatments:
non-inoculated plants (control), fertilized at seedling stage, and inoculat-
ed with Azospirillum brasilense Az39 (Az39), combination (Az39 +

with Az39 induced a significant reduction of titrable acidity
compared with the chemically fertilized seedlings (Table 4).

The PCA showed that inoculation treatments in both vari-
eties were different from the control with 72.4% (HM) and
71.7% (UCO) of the variability explained by stem diameter,
Fv/Fm, SPAD index, number of fruits per plant, fruit FW per
plant, fruit firmness, equatorial and polar diameter, pH, and
fruit total soluble solids (Fig. 3 a and b).

4 Discussion

Our findings demonstrated that a single inoculation dose of
PGPR of tomato seedlings cultivated in the greenhouse in-
creased RDW over SDW. By consequence, when these “more
rooted” seedlings were transplanted, an overall augmentation
in plant growth and yield was achieved. That is, the enhanced
plant growth may be explained by a better root development
that gives potential for improved water and nutrient uptake.
The inoculation with RtoM10 or Az39 increased RDW and
SDW of seedlings when used alone, but the combination did
not differ from control in SDW. Walker et al. (2012) sug-
gested that the effect of bacteria applied in combination can

2500

b P(V)=0.0237
( ) P(Ba)< 0.0001
P(V'Ba)=0.0126

N
(=3
(=3
o
r
w

1500+
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Tomato FW (g) plant -

%

&3 Az39 Az39 + Rt6M10 B8 Rt6M10

Rt6M10), or Pseudomonas fluorescens RtoM10 (RtoM10). P(V), effect
of HM and UCO varieties; P(Ba), inoculation and fertilized treatment;

P(V x Ba), interaction effect. Values are means + SE (n = 30). Different

letters indicate significant differences (P <0.05)

@ Springer



1620

J Soil Sci Plant Nutr (2020) 20:1614-1624

Table 4 Equatorial and polar diameters, fruit firmness, total soluble
solid content (°Brix), pH, and titratable acidity (% citric acid) of fruits
from tomato plants (HM and UCO varieties) cultivated in a field trial.

Treatments: non-inoculated plants (control), fertilized at seedling stage,
and inoculated with Az39, Rt6M 10, and combination (Az39 + Rt6M10)

Variety Treatments Equatorial diameter (cm) Polar diameter (cm) Firmness of fruits (Ibf) °Brix pH Titratable acidity (%)*

HM  Control 37.34+0.38" 69.16+0.58¢ 3.76 +0.08°F 5.76+0.08° 4.46+0.02¢ 0.42+0.01%
Fertilized ~ 38.97+0.37° 72.65 +0.52° 426+0.10" 575+0.06° 4.47+0.03% 040+0.01°
Az39 41.47 +0.43¢ 78.61+0.77% 477+0.11° 576+0.10° 4.51+0.02%¢ 0.34+0.01%
Combination 41.27+0.31¢ 76.62 +0.83° 4.53+0.14 572+0.07° 4.53+0.02™ 0.37+0.01*
Rt6M10 40.95 £0.36¢ 77.50 +£0.84% 471+0.12% 5.80+0.07° 4.53+0.03" 0.34+0.01%F

UCO  Control 4470 £0.33¢ 59.37+0.34° 3.57+0.10° 5.08+0.09° 4.54+0.02® 036+0.01%
Fertilized ~ 48.66+0.42° 65.33+0.53° 3.90+£0.08% 495+0.07% 4.58+0.01° 0.32+0.01°
Az39 51.22+0.34% 67.62+0.65° 4.56+0.12*° 5.15+0.08°¢ 4.58+0.02° 0.28+0.018
Combination 51.42+0.27° 67.71+0.48¢ 4.19+0.11% 525+0.07% 4.53+0.02° 0.32+0.01
Rt6M10 50.61 £0.36* 68.09+0.59¢ 425+0.13% 539+0.07° 4.58+0.02° 032+0.01°
P (V) <0.0001 <0.0001 <0.0010 <0.0001 <0.0001 <0.0001
P (Ba) <0.0001 <0.0001 <0.0001 0.0250 0.0918 <0.0001
P(VxBa) 0.0009 0.0646 0.7552 0.0754 0.6348 0.0346

P(V), effect of HM and UCO varieties; P(Ba), inoculation and fertilized treatment; P(V x Ba), interaction effect. Values are means = SE (n =30).
Statistical comparisons are among treatments within a single column. The different letters indicate significant differences using Fisher’s LSD test at

P<0.05

#Expressed as citric acid equivalent

Fig. 3 Biplot display of principal
component analysis (PCA) of the
parameters analyzed in tomato
plants of varieties a HM and b
UCO. Treatments (m): non-
inoculated (control), fertilized at
seedling stage, and inoculated
with Azospirillum brasilense
Az39 (Az39), combination (Az39
+ Rt6M10), or Pseudomonas
Sfluorescens RtoM10 (Rt6M10).
Factors (0): stem diameter, Fv/
Fm, spad index, number fruits per
plant, tomato FW per plant, fruit
firmness, equatorial and polar di-
ameter tomato, pH, titrable acidi-
ty, and total soluble solid content
(°Brix)
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be different than the effect produced by each bacterium alone.
However, other authors reported positive effects by using dif-
ferent consortiums in maize (Couillerot et al. 2013), cucumber
(Wang et al. 2012), forage plants Mavuno grass (5S4 et al.
2019), and forest species Nothofagus alpina (Martinez et al.
2018). These contradictory results with the use of combina-
tions may be related to the correct concentration of each inoc-
ulum. Our study showed that the inoculation with Az39 and
the combination equalized seedling fertilization treatment,
while inoculation with Rt6M10 overtook the seedling
fertilization effect. Adesemoye et al. (2009) reported similar
results using PGPR and AMF. The increased biomass of seed-
lings inoculated with Az39 or RtoM 10 could be partly related
to hormone production, N fixation, and P solubilization by
PGPR (Glick 2012). A. brasilense and RtoM10 produce dif-
ferent plant hormones, such as indole-3-acetic acid, abscisic
acid, and gibberellins that modify the root architecture and
improve the ability of plants to absorb water and transport
assimilates (Bottini et al. 2004; Cohen et al. 2015; Murcia
et al. 2017; Salomon et al. 2014). Also, both bacterial strains
are efficient phosphate solubilizers and N fixers (Garcia de
Salamone et al. 2012; Salomon et al. 2014). The beneficial
effect of PGPR inoculation on tomato roots and stems has also
been reported by other authors in experiments carried out un-
der field or greenhouse conditions (Kokalis-Burelle et al.
2002; Mena-Violante and Olalde-Portugal 2007; Walia et al.
2014). Our findings are in agreement with the results present-
ed in the above studies. In fact, in our experiment, control
seedlings had lower development of the root system and thus
a higher SDW/RDW ratio (3.38), implying higher dry matter
allocation to the seedlings shoots, as compared with the fertil-
ized or inoculated seedlings that had SDW/RDW ratios of
2.89,2.93, and 2.71, respectively. At this point, it is important
to clarify that “true” field fertilization was not performed in
this study because periodical soil analysis indicated the levels
of nutrients suffice for a normal tomato crop. Transplanting
tomato seedlings with an improved root system that can up-
take plant nutrients and water from the soil will enhance plant
establishment, growth, and yield. Additionally, inoculation
increased stem diameter of the two varieties at the reproduc-
tive stage under field conditions, indicating a higher plant
vigor when compared with control, similarly to what was
reported by Bona et al. (2018).

In our experiments, the Fv/Fm ratio was not influenced by
PGPR inoculation, although plants coming from chemically
fertilized seedlings presented lower values than the other treat-
ments. In contrast, Cordero et al. (2018) reported that inocu-
lation and chemical fertilization increased Fv/Fm of tomato
plants. A possible explanation of this finding might be the
plant phenology at the moment of Fv/Fm determination. In
our case, Fv/Fm determination was performed in the repro-
ductive stage, but in the majority of the works, this parameter
was measured in the vegetative stage.

Interestingly, there was an increase in the chlorophyll con-
tent and photoprotective compounds as a result of RtoM10
inoculation. The carotenoid levels were increased by inocula-
tion and fertilization. Others works reported increased chloro-
phyll level with PGPR and AMF inoculation (Amirnia et al.
2019) or in chlorophyll and carotenoids levels after a PGPR
treatment in potato (Dawwam et al. 2013) and Arabidopsis
thaliana plants (Cohen et al. 2015). Only the Rt6M 10 inocu-
lation treatment increased photoprotective pigments, although
the anthocyanin levels were similar to non-inoculated
(control) plants. In accordance with Cohen et al. (2015), the
increase in photoprotective compounds can lead to plant pro-
tection against oxidative stress. The enhanced chlorophyll
content and, consequently, enhanced photosynthesis may pro-
voke an increase in tomato growth and productivity.

The similar P content in the different treatments, with the
exception of the combination treatment that decreased it, and
the lowest N content in Az39 and RtoM10 (similar to the
control) could be related to the use of a soil with adequate
levels of nutrients (Sa et al. 2019) and to the fact that the
samples were collected in the reproductive stage when the
plant allocates nutrients to form the fruits.

Another remarkable result is the improvement in yield and
quality of tomato with PGPR inoculation as compared with
non-inoculated (control) seedlings. In HM variety, Rt6M10 or
Az39 inoculation overtook fertilization of seedlings, while the
combination equaled it. In UCO variety, all inoculation treat-
ments equalized the effect of seedling fertilization. Similar
results were reported with PGPR and AMF inoculation in corn
(Adesemoye et al. 2008), or with Pseudomonas sp. and
Azospirillum sp. co-inoculated in paddy rice (Garcia de
Salamone et al. 2012). Jjaz et al. (2019, 2020) propose the
use of PGPR consortia and biochar with reduced synthetic
fertilization for maximizing wheat and peanut crop production
as eco-friendly alternative.

On the other hand, one of the main yield goals to produce
economic benefits is the production of heavier and larger
fruits. We found that PGPR inoculation increased tomato
FW and fruit size (equatorial and polar diameter) in both va-
rieties. Similar results were reported using a combination of
AMF and Pseudomonas (Bona et al. 2018), Bacillus
licheniformis under greenhouse conditions (Garcia et al.
2004), and a mixture of AMF and bacteria (Bona et al.
2017). An increase in fruit size is associated with the signal
pathways that modify cell expansion (auxins) and sucrose
synthase enzyme which have a central role in developing to-
mato fruits (Carrari and Fernie 2006).

The improvements in fruit quality with PGPR inoculation
is known in different crops (Bona et al. 2017). However, few
works reported improvements in tomato quality with the in-
oculation of PGPR alone. The flavor of tomato is analyzed by
sensorial measurements and furthermore by total soluble
solids, pH, titrable acidity, and soluble solid /titrable acidity
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ratio (Goémez and Camelo 2002). Another important parame-
ter in the industry is the sweetness of tomato fruit (Bona et al.
2018). The 60% of total soluble solids are represented by
sugars, mainly glucose and fructose (Gomez and Camelo
2002). In UCO variety, inoculation with RtoM 10 significantly
increased this parameter. In HM variety, the bacteria treatment
did not affect the total soluble solid content, but it might be
considered that inoculated plants presented bigger fruits than
control plants. Bona et al. (2017) attributed the differences in
sugar concentration at compounds produced by bacteria that
could modulate photosynthesis and plant sugar concentration,
especially by modifying the plant hormone abscisic acid
(ABA). In fact, the role of ABA in promoting sugar has been
reported in grape (Moreno et al. 2011; Murcia et al. 2017). In
our work, bacteria inoculation did not influence pH of the
fruits. Similar results were presented by Ordookhani et al.
(2013), with Azospirillum sp., Azotobacter sp., and AMF in-
oculation and also by Nzanza et al. (2012), using Trichoderma
harzianum and AMF seedling inoculation. However, the in-
oculation influenced the titrable acidity. In HM fruits, Az39 or
Rt6M10 induced a reduction of this parameter as compared
with non-inoculated and chemically fertilized seedlings,
whereas only Az39 inoculation induced a significant reduc-
tion compared with the seedling fertilized treatment in UCO
fruits.

An important aspect of industrial tomato quality is the firm-
ness of the fruit, since the shelf life of tomato fruits depends on
this parameter. Firmer fruits are desirable in order to reduce
spoilage microorganisms attack (Mena-Violante and Olalde-
Portugal 2007). In our work, PGPR inoculation increased this
parameter in both tomato varieties. This result is in agreement
with Mena-Violante and Olalde-Portugal (2007), who report-
ed an increase in tomato fruit firmness with Bacillus subtilis
BEB13-bs treatment. These results might be attributed to the
reduction of the polygalacturonase gene (PG) activity that is
moderately correlated with the firmness of the fruit, as de-
scribed by Mena-Violante et al. (2009). Finally, no significant
differences were found between tomato cultivars in the major-
ity of the studied parameters, with the exception of equatorial
diameter and FW of fruits. This indicates that the bacterium
does not distinguish between cultivars of the same species as
reported by Garcia et al. (2004).

5 Conclusions

Findings of this study supported the overall hypothesis that
inoculation with A. brasilense Az39 or P. fluorescens RtoM10
enhanced seedlings growth, which in turn could avoid the
need of supplemental fertilization during greenhouse produc-
tion. Plant growth-promoting rhizobacteria inoculation
allowed producing high-quality seedlings that likely suffered
less transplant stress in the field, increasing yield and quality

@ Springer

of tomatoes. Thus, RtoM10 and Az39 can be used as bio-
inoculants implying significant economic savings for produc-
tion, lowering groundwater and soil pollution and contributing
to sustainable agriculture. This information may be useful for
nurseries that produce tomato seedlings for growers.
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