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Abstract: Cold stress decreases the growth and productivity of agricultural crops. Psychrotolerant
plant growth-promoting bacteria (PGPB) may protect and promote plant growth at low temperatures.
The aims of this study were to isolate and characterize psychrotolerant PGPB from wild flora of Andes
Mountains and Patagonia of Chile and to formulate PGPB consortia. Psychrotolerant strains were
isolated from 11 wild plants (rhizosphere and phyllosphere) during winter of 2015. For the first time,
bacteria associated with Calycera, Orites, and Chusquea plant genera were reported. More than 50%
of the 130 isolates showed ≥33% bacterial cell survival at temperatures below zero. Seventy strains
of Pseudomonas, Curtobacterium, Janthinobacterium, Stenotrophomonas, Serratia, Brevundimonas, Xan-
thomonas, Frondihabitans, Arthrobacter, Pseudarthrobacter, Paenarthrobacter, Brachybacterium, Clavibacter,
Sporosarcina, Bacillus, Solibacillus, Flavobacterium, and Pedobacter genera were identified by 16S rRNA
gene sequence analyses. Ten strains were selected based on psychrotolerance, auxin production,
phosphate solubilization, presence of nifH (nitrogenase reductase) and acdS (1-aminocyclopropane-1-
carboxylate (ACC) deaminase) genes, and anti-phytopathogenic activities. Two of the three bacterial
consortia formulated promoted tomato plant growth under normal and cold stress conditions. The
bacterial consortium composed of Pseudomonas sp. TmR5a & Curtobacterium sp. BmP22c that pos-
sesses ACC deaminase and ice recrystallization inhibition activities is a promising candidate for
future cold stress studies.

Keywords: psychrotolerant bacteria; plant growth-promoting bacteria; bacterial consortium;
Pseudomonas; Curtobacterium; cold stress; tomato; Andes Mountain; Patagonia

1. Introduction

The production and quality of agricultural crops are decreased by a wide range of
abiotic stresses, including cold and high temperatures, drought, and salinity. It is estimated
that more than 50% of global yield loss for major agricultural crops is due to abiotic
stress [1]. Every year agriculture worldwide is affected by low temperatures, which are

Microorganisms 2021, 9, 538. https://doi.org/10.3390/microorganisms9030538 https://www.mdpi.com/journal/microorganisms

https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com
https://orcid.org/0000-0002-9969-4991
https://orcid.org/0000-0003-4760-6379
https://orcid.org/0000-0002-3925-1996
https://doi.org/10.3390/microorganisms9030538
https://doi.org/10.3390/microorganisms9030538
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/microorganisms9030538
https://www.mdpi.com/journal/microorganisms
https://www.mdpi.com/2076-2607/9/3/538?type=check_update&version=2


Microorganisms 2021, 9, 538 2 of 28

more frequent in the last years due to climate change. In the United States of America,
there are higher economic losses from frost damage than from any other weather-related
phenomenon [2]. In Chile during the year 2013, frosts caused a reduction of 22% in
exportable fruit, which represented a loss of more than US $800 million [3]. Climate
change affects the natural systems, human health, and agricultural production [4], and
with the increase in temperature, the cold acclimatization of plants occurs later in autumn
or early winter [5]. This disorganized cold acclimatization causes a higher susceptibility of
plants to erratic temperature events [5]. Due to climate change, extreme weather events,
such as frost (<0 ◦C), are increasing. Therefore, cold stress is an important challenge for
agriculture [3,6,7].

In this context, the plant growth-promoting microorganisms play an essential role for
plants during their growth and adaptation to the changing environment through some
mechanisms, such as nitrogen fixation, phosphate solubilization, modifying plant hormone
levels, and improving plant defense responses to biotic and abiotic stresses [8–11]. The
agricultural importance of cold-tolerant microorganisms arises because crops are subject to
temporary cold periods, which are detrimental to mesophilic microbial processes associated
with plant growth-promoting activities [12]. Plant growth-promoting bacteria (PGPB) can
employ one or more different strategies to allow higher tolerance and additionally promote
plant growth under abiotic stress [8]. The identification of PGPB that retain their potential to
promote plant growth at low temperatures, is a worldwide trend in the field of agricultural
inoculation technology [13,14]. On the other hand, the formulation of bacterial consortia (≥2
compatible bacteria) can increase the efficiency of agricultural crop production particularly
under challenging environmental conditions, due to exploitation of their complementary and
synergistic characteristics, compared to a single bacterium [15,16]. Various studies report plant
growth-promoting effects with the application of a single bacterium, such as Pseudomonas,
Bacillus, Serratia, Pantoea, and Paraburkholderia strains on canola, wheat, grapevine, and tomato
under cold stress [17–27]. The formulation of bacterial consortia to alleviate cold stress in
plants has been scarcely reported. A bacterial consortium formulated with Bacillus and
Brevibacillus strains protects and promotes the growth of rice seedlings under cold stress [28].
Another consortium composed of Bacillus and Serratia strains promotes the survival of tomato
plants subjected to cold stress [29].

The application of PGPB consortia is an eco-friendly alternative to agriculture that has
the potential to increase crop yield under normal and stressful conditions. In addition, the
use of PGPB reduces the application of chemical products, decreasing the environmental
impact in agriculture (e.g., soil erosion), and increasing the microbial diversity and function-
ality of agricultural soils with the concomitant production of healthy and safe foods [16].
To search for novel bioproducts to alleviate the effects of cold stress towards a sustainable
agriculture, Chile presents ideal extreme environments for the isolation of psychrotolerant
bacteria associated with wild plants adapted to low-temperature conditions. Chile is a
4500 km long and narrow country that includes a wide variety of climates and extreme
ecosystems, such as the Atacama Desert, Altiplano, the Andes Mountains, Patagonia, and
Antarctica [30,31]. Psychrotolerant PGPB from areas with extreme environments such as
Chilean Andes Mountains, Patagonia, and Antarctica, Canadian Arctic, and High Indian
Himalayas have been isolated [17,19–22,26,30,32,33].

The aims of this study were to isolate and characterize psychrotolerant PGPB from
the wild flora of Chile, and to formulate PGPB consortia. The bioprospecting of psychrotol-
erant PGPB with novel characteristics was carried out from wild plants that inhabit three
areas of the Andes Mountains and one area of the Patagonia of Chile during the winter
of 2015. These areas have low temperatures and frosts throughout the year [31,34]. The
bacterial isolations were carried out at 4 ◦C, obtaining a total of 130 isolates. A scale of
bacterial cell survival (BCS%) to temperatures below zero (−20 ◦C) was used to screening
the psychrotolerant potential of the 130 strains. Seventy strains with high psychrotolerant
potential were selected (≥33% BCS, high category). Bacterial isolates identified by 16S
rRNA gene sequence analyses belong to 4 phyla (Proteobacteria, Actinobacteria, Firmicutes,
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and Bacteroidetes) and 18 different genera. Bacterial consortia were selected based on
psychrotolerance, auxin production, phosphate solubilization, detection of nifH (nitroge-
nase reductase) and acdS (1-aminocyclopropane-1-carboxylate (ACC) deaminase) genes,
and antimicrobial activities to phytopathogens. Three bacterial consortia were selected for
tomato growth-promoting assays; two consortia promoted growth of tomato plants. Finally,
the ACC deaminase and ice recrystallization inhibition activities allowed the selection
of one bacterial consortium composed of Pseudomonas sp. TmR5a & Curtobacterium sp.
BmP22c (BC3), which possess diverse plant growth-promoting activities. The BC3 is an
attractive candidate for future plant frost protection assays.

2. Materials and Methods
2.1. Chemicals, Reagents, and Culture Media

Indole-3-acetic acid (IAA; 98% purity), L-tryptophan (>99% purity), α-ketobutyrate
(97% purity), and 2,4-dinitrophenylhydrazine (97% purity) were purchased from Sigma-
Aldrich (Darmstadt, Germany). Cycloheximide was obtained from United States Biological
(Salem, MA, USA). Sulfuric acid, toluene, sodium chloride, sodium hydroxide, glucose,
sucrose, glycerol, gluconic acid, citric acid, KH2PO4, Na2HPO4, MgSO4 × 7H2O, FeSO4 ×
7 H2O, H3BO3, MnSO4 × H2O, ZnSO4 × 7H2O, CuSO4 × 5H2O, MoO3, FeCl3 × 6H2O,
and (NH4)2SO4 were obtained from Merck (Darmstadt, Germany). Yeast extract, Tryptone,
Bacto Proteose Peptone No. 3, Tryptic Soy Broth (TSB), Tryptic Soy Agar (TSA), and
Müller-Hinton (MH) were purchased from Difco Laboratories (Franklin Lakes, NJ, USA);
1-aminocyclopropane-1-carboxylate (ACC) was obtained from Calbiochem (San Diego, CA,
USA). Type III AFP was purchased from A/F Protein, Inc. (Waltham, MA, USA). GoTaq
Green Master Mix was purchased from Promega (Madison, WI, USA). Bacterial Protein
Extraction Reagent (B-PER) and Halt protease inhibitor cocktail were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). Quick Start Bradford Dye was purchased from Bio-
Rad Laboratories (Irvine, CA, USA). Primers (Table 1) were obtained from Integrated DNA
Technologies (Coralville, IA, USA).

Table 1. Primers used in this study.

Primer Sequence (5’-3’) Gene
Target

Size
(pb) Reference

27F AGAGTTTGATCMTGGCTCAG 16S
ARNr

1465 [35]1492R TACGGYTACCTTGTTACGACTT

nifH-F-Rösch AAAGGYGGWATCGGYAARTCCACCA nifH 458 [36]nifH-R-Rösch TTGTTSGCSGCRTACATSGCCATCAT

DegACC-F GGBGGVAAYAARMYVMGSAAGCTYGA
acdS 750 [37]DegACC-R TTDCCHKYRTANACBGGRTC

2.2. Model and Phytopathogenic Bacterial Strains

The following model strains were used in this study: Paraburkholderia xenovorans
LB400 (positive control for IAA biosynthesis) [38], Pseudomonas protegens CHA0 (plant
growth-promoting bacterium with biocontrol activity) [39,40], Escherichia coli JM109 (neg-
ative control for ice recrystallization inhibition activity) [41], and Achromobacter sp. 188
(positive control for ACC deaminase activity) [42]. The phytopathogenic strains used
in this study are Pseudomonas syringae pv. syringae Cc1 (Pss, ice nucleation active (INA)
bacterial strain and a causal agent of bacterial canker in cherry trees), Pectobacterium caro-
tovorum NCPPB 312 (Pc, formerly Erwinia carotovora, INA bacterial strain and pathogen
in several crops) [43], Clavibacter michiganensis subsp. michiganensis OP3 (Cmm, tomato
pathogen) [44], and Agrobacterium tumefaciens C58C1 (At, causal agent of crown galls on
a wide range of plants) [43]. These strains were obtained from the culture collections
of the Molecular Microbiology and Environmental Biotechnology Laboratory and Cen-
ter of Biotechnology “Dr. Daniel Alkalay Lowitt” (Universidad Técnica Federico Santa
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María, Valparaíso, Chile) and the Applied Microbial Ecology Laboratory (Universidad de
La Frontera, Temuco, Chile).

2.3. Collection of Wild Flora Samples

The wild flora samplings were carried out in four regions of Chile during the winter
of 2015 (Figure 1). From the area of Paso Internacional Los Libertadores (32◦49′48.2′′ S
70◦05′31.1′′ W), Los Andes, Valparaíso Region at 3149 m above soil level (m.a.s.l.) three
plants were sampled: Haplopappus sp., Thlaspi sp., and Calycera sp. From the vicinity of
El Teniente Mine (34◦11′37.9′′ S 70◦34′29.4′′ W), Machalí, Libertador General Bernardo
(L.G.B.) O’Higgins Region at 1508 m.a.s.l, two plants were sampled: Baccharis sp. and
Gnaphalium sp. From Shangri-La EcoPark (36◦53′29′′ S 71◦28′23′′ W), Las Trancas Valley,
Ñuble Region at 1550 m.a.s.l, four plants were sampled: Orites sp., Gaultheria sp., Chusquea
sp., and Nothofagus sp. in association with the lichen Usnea sp. From Chabunco Park
(52◦59′19.4′′ S 70◦48′50.0′′ W), Punta Arenas, Magallanes, and Chilean Antarctica (C.A.)
The region at 12 m.a.s.l, one plant was sampled: Berberis sp. and from the vicinity of
Club Andino Ski Center (53◦09′44.1′′ S 71◦01′27.6′′ W) Punta Arenas, Magallanes and C.A.
Region at 342 m.a.s.l., one plant was sampled: Nothofagus sp. samples (only phyllosphere).
A sampling of rhizosphere (near the root) and phyllosphere (leaves, stems, flowers, fruits)
were performed in triplicate (n = 3) for each plant. The samples were kept in a close sterile
plastic bag on ice and transported to the laboratory, where the samples were stored at 4 ◦C
until analysis.
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2.4. Psychrotolerant Bacteria Isolation

For bacterial isolation, the protocols from Kucheryava et al. [45] and Barrientos-Díaz
et al. [46] with modifications were used. Four grams of soil near to the root or 4 g of a
mixture of leaves, stems, flowers, or fruits of each sampled plant were mixed with 40 mL
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of saline solution (NaCl 0.85% w v−1) and stirred for 1 h in a Multi Reax vibrating shaker
(Heidolph Instruments, Schwabach, Germany). Then, the suspensions were serially diluted
(10−1, 10−2, 10−3, and 10−4) and 100 µL of each dilution were spread on TSA (pH 7) plates,
supplemented with cycloheximide (100 µg mL−1) to inhibit the growth of fungi. The plates
were incubated at 4 ◦C for 2 weeks. Morphologically distinct individual colonies were
individually seeded on fresh TSA plates at least twice to isolate pure strains. The colonies
of pure cultures were grown in TSA medium at room temperature (22 ± 3 ◦C) for 24–48 h,
and stored in 15% glycerol (v v−1) at −20 and −80 ◦C.

2.5. Psychrotolerant Potential Test

The psychrotolerant potential was evaluated with a bacterial cell survival test at
subzero temperatures described by Sun et al. [17], with modifications. The isolates were
cultured in 200 µL TSB in a 96-well microplate for 72 h at 20 ◦C and then subjected to
−20 ◦C for 24 h. Colony-forming units (CFU) per mL were counted using the microdroplet
method [47], before and after the cell freezing treatment. The bacterial cell survival percent-
age (BCS%) was calculated. All assays were performed with 3 independent replicates. Five
categories of BCS% were assigned: low (<10%), moderate (10–32%), high (33–55%), very
high (56–78%), and excellent (79–100%). Psychrotolerant bacteria selection were carried
from ≥33% BCS (high), based on the value obtained by the model PGPB Pseudomonas
protegens CHA0 (30.7% BCS).

2.6. Genomic DNA Extraction, Identification of Selected Bacteria, and Phylogenetic Analysis

For the identification of the 70 selected psychrotolerant bacteria (≥33% BCS), the
16S rRNA gene was amplified, using the universal primers 27F and 1492R (Table 1).
The extraction of genomic DNA from selected bacteria was carried out according to the
protocol of Méndez et al. [48], with modifications. A growth loop of each bacterium was
resuspended in 100 µL of sterile Milli-Q water, incubated at 95 ◦C for 15 min and then
at −20 ◦C for 15 min, centrifuged briefly and the supernatant was transferred to a clean
tube and stored at −20 ◦C for further analysis. The reaction mix (50 µL) contained 1 µL of
genomic DNA, 25 µL of GoTaq Green Master Mix, and 0.2 µM of each primer. The PCR
reactions were carried out in an Eppendorf Mastercycler gradient thermal cycler (Hamburg,
Germany). The reaction started with an initial denaturation of DNA at 95 ◦C for 5 min,
followed by 30 cycles of denaturation at 95 ◦C for 1 min, alignment at 55 ◦C for 1 min, and
elongation at 72 ◦C for 1.5 min, with a final extension at 72 ◦C for 10 min. The PCR products
were sent to Macrogen Inc. (Seoul, Korea) for purification and sequencing using the 800R
conserved universal primer. The sequences obtained were edited manually with Vector
NTI Advance 11.5.5 and nucleotide analyses were performed by BLASTn in the National
Center for Biotechnology Information (NCBI) server. From the 16S rRNA gene sequence
analyses, the bacteria were identified at the genus level. The phylogenetic analysis was
performed to study the evolutionary relationships of the sequences based on the alignments
calculated by CLUSTAL W using the default options. The evolutionary history was inferred
using the Neighbor-Joining method [49]. Evolutionary analyses were conducted in MEGA
5.2.2 software [50]. In addition, the partial 16S rRNA gene sequences of the bacteria were
deposited in GenBank under the accession numbers MW548335-MW548404.

2.7. Bacterial Consortia Selection

For the preliminary selection of bacterial consortia, the following activities were deter-
mined. First, (i) auxin production; followed by (ii) phosphate solubilization, and detection
of nifH and acdS genes, and finally (iii) antimicrobial activity against phytopathogenic
bacteria.

2.7.1. Auxin Production

Auxin production was determined by Salkowski colorimetric method [51,52] for the
70 selected strains. Bacterial cultures (TSB medium ~12 h, turbidity at 600 nm of 1) were
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incubated at 20 ◦C in TSB medium supplemented with L-tryptophan (500 µg mL−1) for
48 h [53]. Subsequently, the cultures were centrifuged at 21,000× g in a Rotina 380R
centrifuge (Hettich, Westphalia, Germany). The supernatant (0.5 mL) was mixed with 2 mL
of Salkowski’s reagent (150 mL of concentrated H2SO4, 250 mL of distilled H2O, 7.5 mL of
0.5 M FeCl3 × 6H2O) and was incubated for 20 min at room temperature before measuring
the absorbance at 535 nm, in a Jenway 6320D spectrophotometer (Stone, England). The
auxin concentration in each sample was calculated based on a standard curve that ranged
from 1 to 20 µg mL−1 of IAA. Paraburkholderia xenovorans LB400 was used as a positive
control for IAA production [38]. This test was repeated three times for each bacterial strain.
Bacteria were selected under the following criteria: [Auxin] (µg mL−1)/Turbidity600nm ≥
0.5 µg mL−1 and/or BCS ≥50%.

2.7.2. Phosphate Solubilization and Detection of the nifH and the acdS Genes

For the 41 selected bacterial strains, the phosphate solubilization was analyzed by
visualizing solubilization halos in Pikovskaya agar medium [54]. Bacterial cultures in TSB
medium ~12 h, were adjusted to a turbidity at 600 nm of 1, and 10 µL of each bacterial
isolate were plated in quadruplicate on plates with Pikovskaya agar medium. The plates
were incubated at room temperature for 1 week. Bacterial isolates with a positive solubi-
lization result were selected for evaluation of phosphate solubilization at 4 ◦C. Pseudomonas
protegens CHA0 was used as a positive control for phosphate solubilization [40]. The results
of phosphate solubilization were evaluated by photographic records. Positive bacteria
showed a solubilization halo around the macrocolony.

The amplification of nifH (nitrogenase reductase) and acdS (ACC deaminase) genes
were carried out using the primers nifH-F-Rösch and nifH-R-Rösch [36], and DegACC-F
and DegACC-R [37], respectively (Table 1). The reaction mix (12.5 µL) contained 1 µL
of genomic DNA, 6.25 µL of GoTaq Green Master Mix, and 0.2 µM of each primer. The
PCR reactions were carried out in an Eppendorf Mastercycler gradient thermal cycler
(Hamburg, Germany). The reaction for nifH gene detection was performed with an initial
denaturation of DNA at 95 ◦C for 5 min, followed by 35 cycles of denaturation at 95 ◦C for
30 s, alignment at 55 ◦C for 30 s, and elongation at 72 ◦C for 30 s, with a final extension at
72 ◦C for 5 min. The reaction for acdS gene detection started with an initial denaturation of
DNA at 95 ◦C for 5 min, followed by 35 cycles of denaturation at 95 ◦C for 1 min, alignment
at 50 ◦C for 1 min, and elongation at 72 ◦C for 40 s, with a final extension at 72 ◦C for 7 min.
For detection of both genes, amplification of the 16S rRNA gene was additionally carried
out as a positive control. The genomic DNA of P. xenovorans LB400 was used as a positive
control for the detection of both genes.

Twenty-one bacterial isolates that showed multiple activities/determinations were
selected.

2.7.3. Antimicrobial Activities against Phytopathogenic Bacteria

Antimicrobial activities of the 21 selected bacterial strains were carried out by the
radial streak method according to Coman et al. [55], with modifications. The antimicrobial
activity against the phytopathogenic bacteria Pseudomonas syringae pv. syringae Cc1, Pecto-
bacterium carotovorum NCPPB 312, Clavibacter michiganensis subsp. michiganensis OP3, and
Agrobacterium tumefaciens C58C1 was evaluated twice per duplicate. Selected bacteria were
grown on Yeast Malt (YM; 10 g L−1 glucose, 3 g L−1 malt extract, 5 g L−1 peptone, 3 g L−1

yeast extract) and MH (Difco Laboratories) media for ~12 h at 25 ◦C. Then the inoculum was
adjusted to turbidity at 600 nm of 1, and 100 µL of each isolate were deposited in the center
of the plate, air drying and incubated for 72 h at room temperature. The phytopathogenic
bacteria were previously grown in YM and MH media for ~12 h and were adjusted to
turbidity at 600 nm of 1. Then, 10 µL of each phytopathogenic bacteria were arranged in
radial lines surrounding growth of selected bacteria and incubated at room temperature.
Pseudomonas protegens CHA0 was used as a positive control for antimicrobial activity.
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Ten bacterial isolates that exhibited the highest microbial growth inhibition were
selected for the formation of the bacterial consortia.

2.7.4. Compatibility Tests and Formulation of Bacterial Consortia

The compatibility tests through a direct method among the 10 selected bacterial strains
were carried out twice per duplicate. The selected bacteria were grown in YM and MH
media for ~12 h at 25 ◦C. Then the inocula of the strains were adjusted to turbidity at
600 nm of 0.3 and 0.6. A volume of 100 µL (0.3) were spread throughout the plate and
10 µL (0.6) drops were placed in plates of each strains grown previously and incubated at
room temperature. Inhibitions were observed at 24, 48, and 72 h.

Three bacterial consortia formulated with two bacterial strains (BC1, BC2, and BC3)
were selected according to their compatibility (absence of inhibition halo) and in accordance
with those that presented the highest values of all the activities/determinations.

2.8. Plant Growth-Promoting Assays with Bacterial Consortia
2.8.1. Effect of Bacterial Consortia on Tomato Plants Growth

To determine the plant growth-promoting effect of the three selected bacterial consor-
tia, a pot assay with tomato plants (Solanum lycopersicum L. cv. San Pedro) was evaluated.
Tomato seeds were germinated for 2 weeks in a pot with peat as substrate. Then, the
tomato seedlings were placed individually in pots (0.52 L) with 100 g peat and treated
with bacterial consortia every 2 weeks for 2 months in a growth chamber at 25 ◦C with a
photoperiod of 16 h light and 8 h dark, with seven replicates each treatment. The bacterial
isolates of each bacterial consortia (BC1, BC2, and BC3) were mixed in the same concentra-
tion ratio in distilled water, obtaining a final bacterial concentration of 2 × 108 CFU mL−1.
The consortia were applied in a foliar and radicular treatment, soaking all the plant with
a concentration of 2 × 108 CFU mL−1 [56] and inoculated on the base of the plant with a
final concentration on soil of 2× 106 CFU g−1 [57] in each application. The same procedure
was carried out for the negative (NC) and positive (PC) controls, using only distilled water
and the commercial biostimulant Nutrisac (Anasac, Santiago, Chile) based on amino acids
and nitrogen, respectively. Nutrisac was used and diluted according to the manufacturer’s
instructions. At the end of the trial, the number of leaves, stem diameter, plant height, and
fresh weight of the aerial part were measured.

2.8.2. Effect of Bacterial Consortia on Tomato Seeds Germination

To determine the plant growth-promoting effect of the three selected bacterial con-
sortia, an in vitro germination test of tomato seeds (Solanum lycopersicum L. cv. San Pedro)
was evaluated at 14 and 25 ◦C. A biopriming assay was performed as described by Sub-
ramanian et al. [25], with modifications. For disinfection, tomato seeds were submerged
in 70% ethanol for 30 s, then with sodium hypochlorite solution (1%) for 10 min, and
subsequently washed three times with sterile distilled water. The bacteria of each con-
sortia were mixed in the same concentration ratio in sterile distilled water, obtaining a
final bacterial concentration of 2 × 108 CFU mL−1. Sterile distilled water was used as a
negative control. The positive control (Nutrisac) was used and diluted according to the
manufacturer’s instructions. The disinfected tomato seeds were immersed in 10 mL of
the different treatments (BC1, BC2, BC3, PC, and NC) for 4 h at 20 ◦C with shaking at
200 rpm, and then 10 seeds were placed in sterile plates with filter paper soaked with
1 mL of sterile distilled water (3 replicates for each treatment). This test was carried out
at two different temperatures, 14 and 25 ◦C for 12 days in the dark. At the end of the
test, the germination percentage and root length were measured in tomato seeds at 14 ◦C,
and complete germination % (root + hypocotyl), root length, and hypocotyl length were
evaluated in tomato seeds at 25 ◦C.

Two bacterial consortia that showed plant growth-promoting effects were selected.
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2.9. Bacterial Consortium Selection

For the selection of one bacterial consortium, ACC deaminase and ice recrystallization
inhibition (IRI) activities were determined.

2.9.1. ACC Deaminase Activity

The ACC deaminase enzyme converts ACC into α-ketobutyrate (α-KB) and ammo-
nium. The bacterial strains of selected consortia were analyzed to determine their ability
to grow in culture medium with ACC as the sole nitrogen (N) source, according to the
procedures described by Penrose and Glick [58] and Barra et al. [42]. Selected bacteria were
grown in TSB medium for ~12 h at 30 ◦C. The bacterial cells were washed two times with
saline solution (NaCl 0.85% w v−1) and centrifuged at 8000× g for 10 min at 4 ◦C. A volume
of 500 µL of the culture was resuspended in saline solution and incorporated in 4.5 mL of
DF (Dworkin and Foster) medium (4 g L−1 KH2PO4, 6 g L−1 Na2HPO4, 0.2 g L−1 MgSO4
× 7H2O, 2 g L−1 gluconic acid, 2 g L−1 citric acid, and 1 mL trace elements containing 0.001
g L−1 FeSO4 × 7H2O, 0.01 g L−1 H3BO3, 0.011 g L−1 MnSO4 × H2O, 0.125 g L−1 ZnSO4
× 7H2O, 0.078 g L−1 CuSO4 × 5H2O, 0.01 g L−1 MoO3; with (NH4)2SO4 (2 g L−1) as sole
N source and glucose (2 g L−1) as the carbon source) for 1–2 days at 30 ◦C. The bacterial
cells were washed three times with saline solution and centrifuged at 8000× g for 10 min at
4 ◦C. The bacterial pellets were resuspended in 1 mL of saline solution and 100 µL of each
inoculum were incorporated in 3 mL of DF medium with 3 mM ACC as sole N source and
glucose as carbon source, in triplicate. Growth was evaluated for 5 days at 30 ◦C.

The ACC deaminase activity was determined by measuringµmolesα-KB mg protein−1 h−1

produced in the assays. The procedure described was carried out again for bacteria with
positive growth in ACC, to evaluate ACC deaminase activity. A volume of 250 µL of
inoculum was incorporated into 7.5 mL of DF medium with 3 mM ACC as sole nitrogen
source and glucose as carbon source. On the fourth day, the cells were washed two times
with saline solution and centrifuged at 8000× g for 10 min at 4 ◦C. Bacteria pellets were
resuspended in 1 mL of 0.1 M Tris-HCl pH 7.6 and centrifuged at 16,000× g for 5 min, the
supernatant was removed, and the pellet was resuspended in 600 µL of 0.1 M Tris-HCl
pH 8.5. A volume of 30 µL of toluene was added and stirred for 30 s, and a volume
of 100 µL was used to measure the protein concentration by Bradford method [41]. A
volume of 200 µL (in duplicate) was placed in a new centrifuge tube, 20 µL of 0.5 M
ACC was added, shaken briefly, and incubated for 15 min at 30 ◦C. A volume of 1 mL
of 0.56 M HCl was added, it was stirred and centrifuged for 5 min at 16,000× g at room
temperature. A volume of 1 mL of supernatant was taken, 800 µL of 0.56 M HCl was added,
stirred, and placed in glass tubes to later incorporate 300 µL of 2,4-dinitrophenylhydrazine
(0.2% 2,4-dinitrophenylhydrazine in 2 M HCl), stirred and incubated at 30 ◦C for 30 min.
A volume of 2 mL of 2 N NaOH was added and it was stirred. Then, the absorbance at
540 nm was measured on a Multiskan GO spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). A standard curve of α-KB from 0 to 2 mM was performed. The
µmoles α-KB mg protein−1 h−1 were calculated according to the values of α-KB and the
protein concentration (mg mL−1) after an incubation of 15 min.

2.9.2. IRI Activity

For bacterial strains of selected consortia, IRI activity was evaluated according to the
protocol of Cid et al. [41] and Gilbert et al. [59] with modifications. The bacteria were
grown in 5 mL of TSB at 4 ◦C for 10 days without agitation. Bacterial cells were centrifuged
at 5000× g for 10 min at 4 ◦C and gently resuspended (up and down, to avoid generating
bubbles) with 200 µL of B-PER in 2 mL Eppendorf tubes for protein extraction. A volume
of 200 µL of sterile distilled water was added and gently homogenized. It was centrifuged
at 24,000× g for 20 min at 4 ◦C. The supernatant was transferred to a fresh Eppendorf
tube and 4 µL of a Halt protease inhibitor cocktail (10 µL mL−1) was added. A volume of
100 µL was used to measure the protein concentration by Bradford method [41]. Protein
concentrations were adjusted to 1 mg mL−1 with a solution of B-PER: sterile distilled water
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(1:1). A volume of 50 µL of protein from each bacterium was mixed with 50 µL of a sucrose
solution (60% w v−1) and this volume (100 µL) was placed in a 96-well plate. This step
was performed six times for each protein extract of each strain. The plate was placed at
−50 ◦C for 20 min, removed, and observed that all wells were frozen, otherwise, a small
blow was provided to accelerate freezing. The plate was then transferred to −6 ◦C for
48 h, and at 24 h it was verified that the wells were still frozen. Escherichia coli JM109
was used as a negative control for IRI activity. The strain JM109 was grown for 1 week
at room temperature plus 3 days at 4 ◦C. The antifreeze protein AFP type III was used
as a positive control, and 30% w v−1 sucrose solution was used as blank. After 48 h, the
absorbance at 500 nm was measured in a Multiskan GO spectrophotometer. The bacterial
strains that presented a significantly higher absorbance than that obtained with the strain
JM109 protein extract were considered IRI positive as reported by Cid et al. [41].

2.10. Statistical Analysis

One-way ANOVA were used to analyze the main effects. After carrying out one-
way ANOVA, the Fisher’s LSD test was used to detect significant differences (p < 0.05)
among the treatments. Data were analyzed using the non-parametric Kruskal–Wallis test
if transformational data did not satisfy the assumption of homogeneity of variance. The
Kruskal–Wallis test was followed by all pairwise multiple comparisons.

3. Results
3.1. Collection of Wild Flora from Andean and Patagonia Areas of Chile and Isolation of
Psychrotolerant Bacteria

One hundred thirty isolates were obtained from 11 plants sampled in four regions
belonging to the Andean and Patagonian zones of Chile (Figure 1). One hundred three
strains were isolated from the rhizosphere, whereas twenty-seven strains belong to the
phyllosphere of plants (Table 2).

3.2. Selection of Psychrotolerant Bacteria

The psychrotolerance of the 130 isolates was evaluated. Thirteen strains showed low,
47 moderate, 18 high, 24 very high, and 28 excellent psychrotolerance (Table 2). Seventy
isolates with higher psychrotolerance (≥33% BCS) were selected for identification by 16S
rRNA gene sequencing.

Of the 70 selected isolates, 49 belong to the rhizosphere (70%) and 21 were isolated from
the phyllosphere (30%) (Table 2). Thirty-nine strains were isolated in Valparaíso Region,
14 bacterial strains in Liberator General Bernardo O’Higgins Region, eight strains in Ñuble
Region, and nine strains in Magallanes and Chilean Antarctica Region. Valparaíso Region
presented the highest average number of psychrotolerant isolates per plant, followed
by Magallanes and Chilean Antarctica Region, Libertador General Bernardo O’Higgins
Region, and Ñuble Region.

3.3. Identification of Selected Psychrotolerant Bacteria

The 70 selected isolates were identified through the analysis of the partial 16S rRNA
gene sequence (Figure 2). The isolates belong to four bacterial phyla. The bacterial phylum
with the highest diversity of genera was Actinobacteria with 19 identified strains from
seven genera (Pseudarthrobacter, Arthrobacter, Brachybacterium, Curtobacterium, Paenarthrobac-
ter, Frondihabitans, and Clavibacter), followed by Proteobacteria phylum with 43 identified
strains from six genera (Pseudomonas, Stenotrophomonas, Serratia, Janthinobacterium, Xan-
thomonas, and Brevundimonas), Firmicutes phylum with six identified strains from three
genera (Sporosarcina, Solibacillus, and Bacillus), and Bacteroidetes phylum, with two identi-
fied strains from two genera (Flavobacterium and Pedobacter). The most abundant isolates
corresponded to Pseudomonas (18), Stenotrophomonas (17), Pseudarthrobacter (6), Serratia (5),
Arthrobacter (4), and Sporosarcina (4) genera. Strains from Pseudomonas, Stenotrophomonas,
Sporosarcina, Curtobacterium, Arthrobacter, and Pseudarthrobacter genera were isolated from
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rhizosphere and phyllosphere. On the other hand, Serratia, Xanthomonas, Paenarthrobac-
ter, and Janthinobacterium genera were only isolated from rhizosphere, while Solibacillus,
Bacillus, Brachybacterium, Frondihabitans, and Clavibacter genera were only isolated from the
phyllosphere.

Table 2. Number of bacterial isolates from wild plants.

Number of Isolates

Rhizosphere Phyllosphere

Wild plant (Code for Isolates) Total Id L M H VH E Total Id L M H VH E

Calycera sp. (Cp) 16 11 0 5 0 4 7 3 3 0 0 1 0 2
Thlaspi sp. (Tm) 17 13 3 1 4 7 2 10 8 0 2 2 2 4

Haplopappus sp. (Hs) 9 3 0 6 1 0 2 2 1 1 0 0 1 0

Baccharis sp. (Bl) 10 3 1 6 0 3 0 0 0 0 0 0 0 0
Gnaphalium sp. (Gc) 18 9 3 6 4 2 3 2 2 0 0 1 0 1

Gaultheria sp. (Gp) 8 1 1 6 0 1 0 2 1 1 0 0 0 1
Nothofagus sp. + Usnea sp. (NU) 7 2 0 5 1 1 0 1 0 1 0 0 0 0

Orites sp. (Om) 3 1 1 1 0 1 0 0 0 0 0 0 0 0
Chusquea sp. (Cc) 10 3 1 6 2 0 1 1 0 0 1 0 0 0

Berberis sp. (Bm) 5 3 0 2 1 0 2 6 6 0 0 1 2 3
Nothofagus sp. (Nd) 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Total isolates 103 49 10 44 13 19 17 27 21 3 3 5 5 11

Id, Identified isolates showing ≥33% bacterial cell survival (BCS); L, low (<10% BCS); M, moderate (10–32% BCS); H, high (33–55% BCS);
VH, very high (56–78% BCS); E, excellent (79–100% BCS).
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Of the 70 isolates, only two were closely related to phytopathogenic bacteria. The
strain HsR18 that was isolated from the rhizosphere of Haplopappus sp. is closely related to
Xanthomonas translucens [60,61]. The strain BmP21 that was isolated from the phyllosphere
of Berberis sp. is closely related to Clavibacter michiganensis [44,62,63]. Both strains HsR18
and BmP21 were discarded for further analysis.

3.4. Auxin Biosynthesis of Selected Strains

The capability to synthesize auxins in the presence of the precursor tryptophan was
evaluated in the 68 selected strains (Figure 3). It was determined that 38 strains synthesize
auxins, using the criterion of [Auxins]/Turbidity600nm ≥0.5. Forty-one strains were selected
based on auxin synthesis or BCS ≥50%. Strains of the same genus with similar activities
and origins were removed for the following assays.
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BCS% of Proteobacteria (green bars). (b) Auxin production and BCS% of Actinobacteria (red bars). (c) Auxin production
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3.5. Phosphate Solubilization and Presence of the nifH and the acdS Genes in Selected Strains

The phosphate solubilization activity and the presence of the nifH and the acdS genes
were analyzed in 41 selected strains. Fifteen strains showed phosphate solubilization
activity at room temperature and 12 of these strains showed phosphate solubilization
activity at 4 ◦C (Table 3). On the other hand, 35 and 21 strains were amplified for the nifH
and the acdS genes, respectively (Table 3). Twenty-one of the 41 strains were selected based
on the presence of a higher number of positive solubilization activity or PCR reactions.

Table 3. Selected strains showing the higher phosphate solubilization activity and presence of nifH and acdS genes revealed
by PCR.

Strains PS at RT/PS at
4 ◦C

nifH/
acdS Strains PS at RT/

4 ◦C
nifH/
acdS

Pseudomonas sp. TmR1b * +/+ +/− Stenotrophomonas sp. TmP43c * −/− +/+
Pseudomonas sp. TmR34a +/+ +/− Stenotrophomonas sp. TmR19b −/− +/−
Pseudomonas sp. TmR35a +/+ +/− Brevundimonas sp. CpR34a −/− +/−
Pseudomonas sp. TmR5a * +/+ +/+ Arthrobacter sp. BmP28 * +/− +/+
Pseudomonas sp. GcR15a * −/− +/+ Arthrobacter sp. BmR37 +/− +/−
Pseudomonas sp. NUR4a * +/+ −/+ Arthrobacter sp. CpR32a −/− +/−
Pseudomonas sp. BlR7b * +/+ +/+ Paenarthrobacter sp. BlR11a −/− +/−
Pseudomonas sp. BlR3 * +/+ +/+ Pseudarthrobacter sp. TmP42 −/− +/−

Pseudomonas sp. TmR7 * +/+ +/+ Pseudarthrobacter sp. GcR10 −/− +/−
Pseudomonas sp. CcR1d * +/+ +/− Curtobacterium sp. GcR11a −/− +/−

Serratia sp. CpR7a +/+ −/− Curtobacterium sp. BmP22c * −/− −/+
Serratia sp. TmR3a * +/+ +/− Curtobacterium sp. BmP18c * −/− −/−

Stenotrophomonas sp. BmP26c −/− +/− Brachybacterium sp. TmP24d −/− +/+
Stenotrophomonas sp. BmR35 * −/− +/+ Brachybacterium sp. TmP30 −/− +/+
Stenotrophomonas sp. CpP23d * −/− +/+ Frondihabitans sp. GpP26d * −/− +/+
Stenotrophomonas sp. CpR10 * −/− +/+ Sporosarcina sp. HsP12b * −/− +/+
Stenotrophomonas sp. CpR13a −/− +/+ Sporosarcina sp. HsR8 * −/− +/+
Stenotrophomonas sp. CpR8a −/− +/+ Bacillus sp. GcP2b +/− −/−

Stenotrophomonas sp. CpR12a −/− +/− Pedobacter sp. CpR35b −/− −/−
Stenotrophomonas sp. GpR8b −/− +/+ Flavobacterium sp. CpR5c * +/+ +/−
Stenotrophomonas sp. GcR23 * −/− +/+

* Selected strains. +, positive activity/amplification;−, negative activity/amplification; PS, phosphate solubilization; RT, room temperature.

3.6. Antimicrobial Activities of Selected Strains

The antimicrobial activities against the bacterial phytopathogens Pseudomonas syringae
pv. syringae Cc1 (Pss), Pectobacterium carotovorum NCPPB 312 (Pc), Clavibacter michiganensis
subsp. michiganensis OP3 (Cmm), and Agrobacterium tumefaciens C58C1 (At) were evaluated
for the 21 selected strains. Ten isolates showed activity against Pss, eight against Pc, five
against At, and 14 against Cmm (Table 4). Ten strains that presented antimicrobial activity
against INA bacteria (Pss and Pc) were selected for the following studies. Six selected
strains belong to Pseudomonas genus (TmR1b, TmR5a, GcR15a, NUR4a, TmR7, and CcR1d),
whereas four strains are member of the Actinobacteria phylum (Arthrobacter sp. BmP28,
Curtobacterium sp. BmP22c, Brachybacterium sp. TmP30, and Frondihabitans sp. GpP26d)
(Figure 4).
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Table 4. Antagonistic activity against phytopathogenic bacteria by the radial streak method.

Strains
Pss Pc Cmm At

YM MH KB YM MH KB YM MH YM MH

Pseudomonas sp. TmR1b * + − ++ + − +/− + ++ − −
Pseudomonas sp. TmR5a * − − + − − − + + − −
Pseudomonas sp. GcR15a * +/− − + + − +/− ++ + − −
Pseudomonas sp. NUR4a * ++ − + ++ − − ++ ++ + −

Pseudomonas sp. BlR7b − − − − − − − − − −
Pseudomonas sp. BlR3 − − − − − − − − − −

Pseudomonas sp. TmR7 * − − − +/− − − +/− +/− − −
Pseudomonas sp. CcR1d * − − + − − +/− ++ ++ + −

Serratia sp. TmR3a − − − − − − + − − −
Stenotrophomonas sp. BmR35 − − − − − − − − − −
Stenotrophomonas sp. CpP23d − − − − − − − + − −
Stenotrophomonas sp. CpR10 − − − − − − − − − −
Stenotrophomonas sp. GcR23 − − − − − − − − − −

Stenotrophomonas sp. TmP43c − − − − − − − − − −
Arthrobacter sp. BmP28 * + − + + − + ++ − ++ −

Curtobacterium sp. BmP22c * + − − ++ − − ++ +/− ++ −
Brachybacterium sp. TmP30 * − + − − − − − +/− − −
Frondihabitans sp. GpP26d * + − − + − − ++ + + +

Sporosarcina sp. HsP12b − − − − − − − − − −
Sporosarcina sp. HsR8 − − − − − − +/− +/− − −

Flavobacterium sp. CpR5c − − − − − − − +/− − −
Pseudomonas protegens CHA0 + − + ++ − + ++ + + −

* Selected strains. −, no inhibition; +/−, attenuated growth; +, <50% growth inhibition; ++, ≥50% growth inhibition. Pss, Pseudomonas
syringae pv. syringae; Pc, Pectobacterium carotovorum; Cmm, Clavibacter michiganensis subsp. michiganensis; At, Agrobacterium tumefaciens;
YM, Yeast Malt; MH, Müller-Hinton; KB, King B.

3.7. Compatibility Tests and Formulation of Bacterial Consortia

The compatibilities between the ten selected strains are shown in Table 5. Thirteen
potential bacterial consortia were formulated based on the compatibility assays and the
previous experimental analyses. Three bacterial consortia were selected based on the
presence of all the analyzed activities. Bacterial consortia (BC) compositions were BC1:
Pseudomonas sp. TmR7 and Frondihabitans sp. GpP26d, BC2: Pseudomonas sp. CcR1d and
Pseudomonas sp. NUR4a, and BC3: Pseudomonas sp. TmR5a and Curtobacterium sp. BmP22c
(Figure 5). The characteristics of the three bacterial consortia are summarized in Table 6.

Table 5. Compatibility between selected bacterial strains.

Strains TmR1b TmR5a GcR15a NUR4a TmR7 CcR1d BmP28 BmP22c TmP30 GpP26d

TmR1b + + − − − − + − −
TmR5a + − − − − − + − −
GcR15a + − − − − − − − −
NUR4a − − − − + − − − −
TmR7 − − − − − + + − +
CcR1d − − − + − − − − −
BmP28 − − − − + − − + +
BmP22c + + − − + − − + −
TmP30 − − − − − − + + −
GpP26d − − − − + − + − −

−, not compatible (antimicrobial activity); +, compatible (without antimicrobial activity).
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BC
1 Pseudomonas sp. TmR7 100 0.91 +/+ + + − + + − 

Frondihabitans sp. GpP26d 93.26 5.146 −/− + + + + + + 

BC
2 Pseudomonas sp. CcR1d 78.88 0.074 +/+ + − + + + + 
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3 Pseudomonas sp. TmR5a 56.23 1.223 +/+ + + + − + − 
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Figure 5. Selected bacterial consortia. The three bacterial consortia formulated with two bacteria are illustrated. Bacteria
were grown in Tryptic Soy Agar (TSA) medium at room temperature. Abbreviation: BC, bacterial consortium.

Table 6. Characteristics of the selected bacterial consortia.

N◦ Bacterial Consortia

PT
Potential

Plant Growth-Promoting
Activities/Determinations

Antimicrobial
Activities

BCS% [Auxin] */
OD600nm

PS at RT/
PS at 4 ◦C nifH acdS Pss Pc Cmm At

BC1
Pseudomonas sp. TmR7 100 0.91 +/+ + + − + + −

Frondihabitans sp. GpP26d 93.26 5.146 −/− + + + + + +

BC2
Pseudomonas sp. CcR1d 78.88 0.074 +/+ + − + + + +
Pseudomonas sp. NUR4a 70.55 1.342 +/+ − + + + + +

BC3
Pseudomonas sp. TmR5a 56.23 1.223 +/+ + + + − + −

Curtobacterium sp. BmP22c 84.5 1.37 −/− − + + + + +

* Auxin concentration (µg mL−1); BC, bacterial consortium; PT, psychrotolerant; BCS%, bacterial cell survival percentage; PS, phosphate
solubilization; RT, room temperature; Pss, Pseudomonas syringae pv. syringae; Pc, Pectobacterium carotovorum; Cmm, Clavibacter michiganensis
subsp. michiganensis; At, Agrobacterium tumefaciens; +, positive activity/determination; −, negative activity/determination.

3.8. Plant Growth–Promotion on Tomato Plants

The plant growth–promotion on tomato plants by the three selected consortia were
analyzed. After BC2 treatment, plants presented an average stem diameter thickness of
0.73 cm, which was significantly higher than negative control (NC) with 0.59 cm (Figure 6).
After the BC2 treatment, an average of 9.14 leaves were observed, which were significantly
higher than those obtained by the NC (7.71) and the positive control (PC) (7.14). After the
BC2 and BC3 treatments, a significantly higher aerial fresh weight was observed compared
to the NC (14.47 g), with values of 21.39 g and 19.64 g, respectively (Figure 6).

3.9. Plant Growth–Promotion on Tomato Seeds

The plant growth–promotion on tomato seeds by the three selected consortia were
analyzed at 25 and 14 ◦C. For treatments at 25 ◦C, BC2 and BC3 treatments presented
a significant increase in hypocotyl length, with values of 4.26 and 4.24 cm, respectively,
compared to the NC (3.15 cm) (Figure 7a,b). The treatments did not show significant
differences in complete germination % and root length.
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Figure 7. Effect of selected bacterial consortia on the growth of tomato seeds at 25 and 14 ◦C in the biopriming assay.
(a) Representative photograph of tomato seed growth inoculated with selected consortia at 25 ◦C. (b) Graphs of evaluated
parameters of tomato seeds growth at 25 ◦C. (c) Representative photograph of tomato seed growth inoculated with selected
consortia at 14 ◦C. (d) Graphs of evaluated parameters of tomato seeds growth at 14 ◦C. Each value is a mean ± SD of three
independent replicates, with a total of 30 seeds per treatment. Significant differences were analyzed by the Kruskal–Wallis
test followed by all pairwise multiple comparisons. Means with different letters indicate significant differences (p < 0.05).
Abbreviations: NC, negative control; PC, positive control (Nutrisac); BC1-3, bacterial consortium 1, 2, and 3, respectively.
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For treatments at 14 ◦C, the germination % and the root length were analyzed
(Figure 7c,d). The BC2 and BC3 treatments showed a significant increase in germina-
tion, with values of 90 and 93.3%, respectively, compared to NC (33.3%) and PC (43.3%).
The root length also showed a significant increase with BC2 and BC3 treatments, with
values of 1.72 and 1.88 cm, respectively, compared to NC (0.16 cm) and PC (0.3 cm).

The BC1 (Pseudomonas sp. TmR7 & Frondihabitans sp. GpP26d) did not show any plant
growth–promoting effect in these assays and, therefore, was not used for the following
studies.

3.10. Selection of One Bacterial Consortium

The ice recrystallization inhibition (IRI) activity and the ACC deaminase activity
were evaluated in strains that composed the bacterial consortia, to select one bacterial
consortium for future cold stress analyses. To determine the antifreeze potential of the
bacteria, the IRI activity was evaluated, subjecting protein extracts to temperatures below
zero degrees Celsius (Figure 8). Pseudomonas sp. strains NUR4a, CcR1d, and TmR5a
presented IRI activity, with values of 0.35; 0.32; and 0.24 absorbance units, respectively,
which are significantly higher compared to the negative control (0.032) (E. coli JM109).
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Figure 8. IRI activity of bacterial strains. The protein extracts were exposed to −6 ◦C for 48 h
to measure their absorbance at 500 nm. Each value is a mean ± SD of 6 independent replicates.
Significant differences were analyzed by one-way ANOVA followed by the LSD Fisher test. Means
with different letters indicate significant differences (p < 0.05). Abbreviations: NC, negative control
(E. coli JM109); PC, positive control (Type III AFP); IRI, ice recrystallization inhibition.

To study the ACC deaminase activity, the growth of the four strains belonging to the
selected bacterial consortia (BC2 and BC3) was evaluated in DF medium with ACC as
sole carbon and nitrogen source (Figure 9a). Only Pseudomonas sp. TmR5a (BC3) showed
growth under these conditions. Strain TmR5a presented an ACC deaminase activity of
1.516 µmol α-KB mg protein−1 h−1 (Figure 9b).

Therefore, BC3 (Pseudomonas sp. TmR5a & Curtobacterium sp. BmP22c) was selected
because it presented all the evaluated activities together.
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Figure 9. Growth in ACC and ACC deaminase activity of bacterial strains. (a) Growth in DF medium
with ACC addition as sole carbon and nitrogen source. (b) ACC deaminase activity in µmol α-KB
mg protein−1 h−1 of strains with positive growth. Each value is a mean ± SD of three independent
replicates. Abbreviations: NC, negative control; PC, positive control (Achromobacter sp. 188); BC,
bacterial consortium; ACC, 1-aminocyclopropane-1-carboxylic acid; α-KB, α-ketobutyrate.

4. Discussion

In the present study, for the isolation of psychrotolerant bacteria, rhizosphere and
phyllosphere of 11 wild plants were collected from three areas of the Andes Mountains
and one area of Patagonia during winter of the year 2015. In this study, 130 psychrotol-
erant bacterial isolates were characterized, 79% from the rhizosphere and 21% from the
phyllosphere (Table 2). A higher number of strains were isolated from the rhizosphere than
from the phyllosphere in 9 of the 11 wild plants studied. More strains from phyllosphere
than from rhizosphere were isolated only from the Berberis sp. plant. Several reports
point to a higher richness and microbial diversity in the rhizosphere than the phyllosphere
of plants [41,64–66]. This bacterial diversity is correlated with the total community size.
The rhizosphere and the phyllosphere present different sizes of the total bacterial pop-
ulation. In the phyllosphere, the bacterial abundance is estimated to be approximately
106 cells g−1, while the number of bacteria in the rhizosphere can reach up to 108 cells g−1

dry weight [65]. Notably, this is the first study of bacteria associated with Calycera, Orites,
and Chusquea plant genera. Previous reports highlight the isolation of bacteria with plant
growth-promoting properties from Thlaspi, Baccharis, Nothofagus, Haplopappus, Gnaphalium,
and Gaultheria [67–73]. In contrast, only pathogenic bacteria have been associated with
Berberis [74]. In our study, 6 of the 11 wild plants presented zero or very low number of
isolates from the phyllosphere (Figure 2). Under the conditions carried out in this study,
the detection limit was 103 CFU mL−1 (1 CFU on the plate), obtaining a number <103 CFU
mL−1 (no isolates on the plate) for Baccharis sp., Nothofagus sp., Orites sp., and Chusquea sp.,
while 2 × 103 CFU mL−1 (2 isolates) were obtained for Nothofagus sp. in association with
the lichen Usnea sp., Haplopappus sp., and Gaultheria sp. The low bacterial number can be
partly explained due to the antimicrobial activities of some of these wild plants and the
lichen [75–82], and the low recovery rates of culturable bacteria from the rhizosphere and
phyllosphere of plants [83,84] under the conditions used in this study.

Seventy of the 130 bacterial isolates that presented a value ≥33% BCS were further
characterized. Interestingly, the Valparaíso Region presented the highest number of psy-
chrotolerant strains (55.7%). These bacteria were isolated from Paso Internacional Los
Libertadores (Portillo, Valparaíso Region, Chile), which was the highest altitude wild
flora sampling site (3149 m.a.s.l.) and presents a winter (from April to October) with tem-
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peratures below 0 ◦C, reaching −20 ◦C (http://www.gobernacionlosandes.gov.cl/inicio/
(accessed on 5 February 2021)). The identification by the 16S rRNA gene sequence analysis
indicated that these 70 strains belong to 18 different bacterial genera of four bacterial phyla
(Figure 2). In our study, Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes are
among the most abundant bacterial phyla in the rhizosphere and the phyllosphere, in ac-
cordance with previous reports [65,66]. Different isolates of Pseudomonas, Stenotrophomonas,
Serratia, Brevundimonas, Arthrobacter, Pseudarthrobacter, Paenarthrobacter, Curtobacterium,
Brachybacterium, Sporosarcina, Bacillus, Solibacillus, Janthinobacterium, Flavobacterium, and
Pedobacter described in the rhizosphere and the phyllosphere of plants in the present study,
have been reported previously in plants and also in soil, water, ice, and animals [85–95].
Interestingly, Frondihabitans sp. GpP26d was isolated from the phyllosphere of a Gaultheria
plant. Members of the Frondihabitans genus has only been associated with plants and
lichens [96–100]. On the other hand, some members of the Xanthomonas and Clavibacter
genera are phytopathogens, which are in the rhizosphere, the phyllosphere, and the en-
dosphere of different plants [44,63,101,102]. In the present study, the bacterial strains that
are closely related to phytopathogens, Xanthomonas sp. HsR18 and Clavibacter sp. BmP21
that were isolated from the rhizosphere of Haplopappus sp. and the phyllosphere of Berberis
sp., respectively, were discarded for the formulation of bacterial consortia. Except for
the Xanthomonas and Clavibacter genera, the psychrotolerance of all the bacterial genera
analyzed in this study have been reported [21,24,25,100,103–107].

In the present study, Pseudomonas and Stenotrophomonas genera showed the highest
number of psychrotolerant strains, with 18 and 17 isolates, respectively (Figure 2). Strains
of the Pseudomonas genus were isolated in the rhizosphere (16) and the phyllosphere
(2). Stenotrophomonas strains genus were also isolated from the rhizosphere (12) and the
phyllosphere (5). Pseudomonas is the genus of Gram-negative bacteria with the largest
number of recognized species, where more than 220 species have been characterized [108].
The ubiquity and metabolic versatility of this genus allow it to colonize a wide range of
natural habitats and adopt a variety of lifestyles. Pseudomonas strains have been isolated
from each of the ecological niches within plants including roots (rhizosphere), leaves
(phyllosphere), and tissues (endosphere) [108,109]. In previous studies, Pseudomonas strains
isolated from Chilean agricultural soils with nematicidal and herbicide-degrading activities
have been characterized [110,111]. On the other hand, the Stenotrophomonas genus has been
associated with soil and plants [112–114], showing beneficial effects on plant growth and
health [86]. In our study, all the Stenotrophomonas strains isolated from the four regions
were closely related to Stenotrophomonas rhizophila species. Stenotrophomonas rhizophila is a
rhizosphere-associated species that display antifungal properties [115].

The search for psychrotolerant PGPB that can exert their role of plant growth-promoting
at low temperatures is of high importance for agriculture [12,105,106]. The benefits of
mixed PGPB inoculation are due to the combination of plant growth-promoting (PGP)
activities [16]. In this context, for the selection of a group of psychrotolerant bacterial con-
sortia, different PGP activities were evaluated in the 70 selected psychrotolerant strains
(Figure 3, Table 3). In addition, antimicrobial activities against well-known phytopathogenic
and ice nucleation active bacteria (Table 4), such as Pseudomonas syringae and Pectobacterium
carotovorum that magnify the stress caused by cold in plants [2,116], Agrobacterium tumefa-
ciens that infects a wide range of plants and causes plant tumors called crown galls [117],
and Clavibacter michiganensis subsp. michiganensis, which is an important tomato phy-
topathogen [44,63,101], were analyzed. These PGP activities have also been used to select
bacterial consortia for plant growth–promotion under stress (cold, drought, salinity) and
non-stressful conditions [28,42,118–122].

The plant growth–promotion by three consortia of pairs of bacterial strains (Figure 5
and Table 6) were studied. Interestingly, two bacterial consortia (BC2 and BC3) promoted
the growth of tomato plants at 25 ◦C (Figure 6) and the germination of tomato seeds at
14 ◦C (Figure 7), demonstrating the potential of these consortia to promote plant growth at
low temperatures. In the present study, the bacterial consortia composed of Pseudomonas

http://www.gobernacionlosandes.gov.cl/inicio/
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sp. CcR1d & Pseudomonas sp. NUR4a (BC2) and Pseudomonas sp. TmR5a & Curtobacterium
sp. BmP22c (BC3), after 12 days at 14 ◦C, promoted the germination of tomato seeds by
≥90% compared to 33% control germination, and significantly increased the root lengths
(Figure 7). Subramanian et al. [25] reported between 90 and 100% germination of tomato
seeds when treated with strains of Pseudomonas and Flavobacterium after 10 days at 15 ◦C,
while the control germination was 45%. Mishra et al. [22] reported the promotion of wheat
seed germination (85%) by Pseudomonas sp. NARs9 compared to 71% control germination,
after 7 days at 18 ◦C. Yarzábal et al. [26] showed an increase of around 32% in the length of
roots of wheat seeds treated with the Antarctic Pseudomonas sp. CIBEA71 compared to the
control treatment, after 5 days at 16 ◦C. Zubair et al. [27] reported that the treatment with
Bacillus strains increases the vigor index of wheat seeds after 7 days at 14 ◦C.

Pseudomonas strains TmR5a, NUR4a, and CcR1d showed IRI activity (Figure 8), which
could contribute to plant adaptation and protection against cold stress. Various microor-
ganisms that survive and proliferate under freezing temperatures possess the ice-binding
proteins, such as antifreeze proteins (AFPs), which regulate the formation and growth of
ice crystals [41,123]. The AFPs act by binding to ice crystals to induce IRI, preventing the
generation of large ice crystals [124]. In addition, Pseudomonas sp. strains TmR5a and NUR4a,
and Curtobacterium sp. BmP22c possess the acdS gene that encodes ACC deaminase. Pseu-
domonas sp. TmR5a showed an ACC deaminase activity of 1.516 µmol α-KB mg protein−1 h−1

(Figure 9), which exceeds the value of ~20 nmol α-KB mg protein−1 h−1 that allowed a
bacterium to grow in ACC and act as a PGPB [58]. Based on its ACC deaminase activity,
Pseudomonas sp. TmR5a has the potential to slow down the production of ethylene induced by
abiotic stress and its associated adverse effects on plants [121]. In contrast, no ACC deaminase
activity was observed in strains NUR4a and BmP22c under these conditions.

In our study, the psychrotolerant bacterial mixture formulated with Pseudomonas sp.
TmR5a and Curtobacterium sp. BmP22c (BC3) was selected as the most promising consor-
tium due to its plant protective and growth-promoting activities. The BC3 is composed
of strains from the rhizosphere of Thlaspi and the phyllosphere of Berberis (Figure 1). This
is the first study that reports beneficial bacteria from a plant of the Berberis genus. Pseu-
domonas strains have competitive advantages compared to diverse other microorganisms
due to their plant growth-promoting traits under normal, as well as stressful environ-
mental conditions [125]. Pseudomonas strains have been reported in growth–promotion of
canola, wheat, and tomato under cold stress [17–19,22,25,126]. On the other hand, the cos-
mopolitan Curtobacterium strains are related mainly with the phyllosphere and have been
associated with plant growth–promotion under normal conditions [127–129], protection
against phytopathogens such as Pseudomonas syringae [130], and alleviation of salinity stress
in plants [131–133]. However, the alleviation of cold stress by Curtobacterium has not been
reported before. This is the first report in which a bacterial consortium is formulated only
with strains of Pseudomonas and Curtobacterium genera. Other studies reported bacterial
consortia composed of Pseudomonas, Curtobacterium and other genera (containing from 3
to 12 strains) for the germination of cotton seeds [134], the protection of tomato plants
against the phytopathogen Pseudomonas syringae pv. tomato [135], and the bioremediation
of petroleum [136]. In addition, bacteria of the Pseudomonas and Curtobacterium genera are
the most abundant in ecosystems related to poplar, willow, grapevine, rice, and nectarine
plants [137–140], showing a close relationship to diverse plants. Bacterial consortia to
alleviate the cold stress in plants have been scarcely reported. The bacterial consortium
composed of Bacillus amyloliquefaciens Bk7 and Brevibacillus laterosporus B4, which solubi-
lizes phosphates and produces IAA and siderophores, protects and improves the growth of
rice under cold stress [28]. The rice seedlings inoculated with this consortium 1 week before
the chilling stress (5 ◦C for 24 h) improves survival rate, plant height, and shoot number.
The bacterial consortium of Bacillus cereus AR156, Bacillus subtilis SM21, and Serratia sp.
XY21, which produces IAA and has antagonistic activity against phytopathogenic INA
bacterium P. syringae, fungi, and oomycetes, improves the survival rate of tomato seedlings
subjected to chilling stress (4 ◦C for 7 days) [29].
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The selected bacterial consortium formulated with Pseudomonas sp. TmR5a and
Curtobacterium sp. BmP22c, which exhibits several plant growth-promoting and protective
activities including plant growth-promoting under chilling stress (<15 ◦C), is an attractive
candidate for future applications in agriculture. Additional assays will be carried out to
study its protective effect on plants under freezing stress, which are required prior to its
evaluation on the field against frost.

5. Conclusions

In this study, seventy highly psychrotolerant bacteria with plant growth-promoting
activities of one hundred thirty isolates from wild flora from the Andes Mountains and
Patagonia of Chile were characterized. These bacteria belong to Proteobacteria, Actinobac-
teria, Firmicutes, and Bacteroidetes phyla, and 18 genera. Notably, this is the first report of
bacteria associated with Calycera, Orites, and Chusquea plants; one of the Chusquea strains
is a member of BC2. Two bacterial consortia: Pseudomonas sp. CcR1d & Pseudomonas sp.
NUR4a (BC2) and Pseudomonas sp. TmR5a & Curtobacterium sp. BmP22c (BC3) presented
auxin production, phosphate solubilization activity, nifH and acdS genes, antimicrobial
activities against important phytopathogens, and growth promotion of tomato plants and
seeds under normal and cold stress conditions. Due to its additional anti-stress ACC
deaminase and IRI activities, the bacterial consortium composed of Pseudomonas sp. TmR5a
and Curtobacterium sp. BmP22c is an attractive candidate for genome analyses, evaluation
of its epiphytic and rhizosphere colonization potential, and characterization of its plant
protection against frost. A bioproduct based on this psychrotolerant bacterial consortium
is an eco-friendly alternative for the protection of agricultural crops to cold stress and, in
addition, to phytopathogens.

Author Contributions: P.V.-C., G.B., F.P.C., M.A.J., and M.S. conceived and designed the experiments;
P.V.-C., G.B., A.V., F.P.C., I.R., I.-N.V., and I.Á. performed the experiments; P.V.-C., G.B., A.V., F.P.C.,
M.V., and M.S. analyzed the data; M.A.J. and M.S. contributed reagents, materials, and analysis tools;
P.V.-C., G.B., A.V., F.P.C., M.V., M.A.J., and M.S. wrote the paper. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by PhD Conicyt, PUCV, and USM (P.V.-C., G.B., A.V., M.V.,
I.-N.V., I.Á.) fellowships, ANID PIA Ring Genomics, and Applied Microbiology for Bioremediation
and Bioproducts (GAMBIO) ACT172128 Chile (M.S., P.V.-C., G.B., A.V., M.V.), Fondecyt 1200756
(M.S., P.V.-C.), Fondecyt 1201386 (M.A.J.), Fondequip EQM 170194 (M.S., G.B.), PIIC USM (P.V.-C.,
G.B., A.V., M.V.), and USM (M.S., P.V.-C., G.B.) grants.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The partial 16S rRNA gene sequences of the bacteria were deposited
in GenBank under the accession numbers MW548335-MW548404.

Acknowledgments: We are grateful to José Antonio Celedón Carrasco, Alejandra Pemjean Castro,
Alexander Seeger Pemjean, and Sara Luna Seeger Pemjean for their support with the sampling of
wild plants. We also thank Clio Peirano for kindly providing, for the antimicrobial studies, the
phytopathogenic strain Pseudomonas syringae pv. syringae Cc1, which was isolated from an infected
cherry tree.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, H.; Wang, H.; Shao, H.; Tang, X. Recent advances in utilizing transcription factors to improve plant abiotic stress tolerance

by transgenic technology. Front. Plant Sci. 2016, 7, 1–13. [CrossRef]
2. FAO. Frost Protection: Fundamentals, Practice and Economics; Food and Agriculture Organization of the United Nations: Rome, Italy,

2005. Available online: http://www.fao.org/3/y7223e/y7223e00.htm (accessed on 3 February 2021).
3. Duman, J.G.; Wisniewski, M. The use of antifreeze proteins for frost protection in sensitive crop plants. Environ. Exp. Bot. 2014,

106, 60–69. [CrossRef]

http://doi.org/10.3389/fpls.2016.00067
http://www.fao.org/3/y7223e/y7223e00.htm
http://doi.org/10.1016/j.envexpbot.2014.01.001


Microorganisms 2021, 9, 538 23 of 28

4. Raza, A.; Razzaq, A.; Mehmood, S.S.; Zou, X.; Zhang, X.; Lv, Y.; Xu, J. Impact of climate change on crops adaptation and strategies
to tackle its outcome: A review. Plants 2019, 8, 34. [CrossRef] [PubMed]

5. Liu, Y.; Dang, P.; Liu, L.; He, C. Cold acclimation by the CBF–COR pathway in a changing climate: Lessons from Arabidopsis
thaliana. Plant Cell Rep. 2019, 38, 511–519. [CrossRef] [PubMed]

6. Barlow, K.M.; Christy, B.P.; O’Leary, G.L.; Riffkin, P.A.; Nuttall, J.G. Simulating the impact of extreme heat and frost events on
wheat crop production: A review. Field Crops Res. 2015, 171, 109–119. [CrossRef]

7. Bagati, S.; Mahajan, R.; Nazir, M.; Dar, A.A.; Zargar, S.M. “Omics”: A gateway towards abiotic stress tolerance. In Abiotic
Stress-mediated Sensing and Signaling in Plants: An Omics Perspective; Zargar, S., Zargar, M., Eds.; Springer: Singapore, 2018;
pp. 1–45.

8. Glick, B.R. Plant growth-promoting bacteria: Mechanisms and applications. Scientifica 2012, 1, 1–15. [CrossRef] [PubMed]
9. Rilling, J.I.; Acuña, J.J.; Sadowsky, M.J.; Jorquera, M.A. Putative nitrogen-fixing bacteria associated with the rhizosphere and root

endosphere of wheat plants grown in an andisol from Southern Chile. Front. Microbiol. 2018, 9, 2710. [CrossRef] [PubMed]
10. Bakhshandeh, E.; Gholamhosseini, M.; Yaghoubian, Y.; Pirdashti, H. Plant growth promoting microorganisms can improve

germination, seedling growth and potassium uptake of soybean under drought and salt stress. Plant Growth Regul. 2020, 90,
123–136. [CrossRef]

11. Velásquez, A.; Vega-Celedón, P.; Fiaschi, G.; Agnolucci, M.; Avio, L.; Giovannetti, M.; D’Onofrio, C.; Seeger, M. Responses of Vitis
vinifera cv. Cabernet Sauvignon roots to the arbuscular mycorrhizal fungus Funneliformis mosseae and the plant growth-promoting
rhizobacterium Ensifer meliloti include changes in volatile organic compounds. Mycorrhiza 2020, 30, 161–170. [CrossRef]

12. Mishra, P.K.; Bisht, S.C.; Ruwari, P.; Selvakumar, G.; Joshi, G.K.; Bisht, J.K.; Bhatt, J.C.; Gupta, H.S. Alleviation of cold stress in
inoculated wheat (Triticum aestivum L.) seedlings with psychrotolerant Pseudomonas from NW Himalayas. Arch. Microbiol. 2011,
193, 497–513. [CrossRef] [PubMed]

13. Pandey, P.; Bisht, S.; Sood, A.; Aeron, A.; Sharma, G.D.; Maheshwari, D.K. Consortium of plant-growth-promoting bacteria:
Future perspective in agriculture. In Bacteria in Agrobiology: Plant Probiotics; Maheshwari, D., Ed.; Springer: Berlin/Heidelberg,
Germany, 2012; pp. 185–200.

14. Majeed, A.; Muhammad, Z.; Ahmad, H. Plant growth promoting bacteria: Role in soil improvement, abiotic and biotic stress
management of crops. Plant Cell Rep. 2018, 37, 1599–1609. [CrossRef] [PubMed]
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