A glimpse of the endophytic bacterial diversity
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ABSTRACT. The aim of this study was to explore the diversity of
culturable bacterial communities residing in blackberry plants (Rubus
fruticosus). Bacterial endophytes were isolated from plant roots,
and their 16S rDNA sequences were amplified and sequenced. Our
results show that the roots of R. fruticosus exhibit low colony forming
units of bacterial endophytes per gram of fresh tissue (6 x 10> £ 0.5
x 10%). We identified 41 endophytic bacterial species in R. fruticosus
by BLAST homology search and a subsequent phylogenetic analysis,
belonging to the classes Actinobacteria, Bacilli, Alfaproteobacteria,
Betaproteobacteria, and Gammaproteobacteria. Predominantly, genera
belonging the Proteobacteria (Burkholderia, 29.4%; Herbaspirillum,
10.7%; Pseudomonas, 4.9%; and Dyella, 3.9%), Firmicutes (Bacillus,
42.1%), and Actinobacteria (two isolates showing high identity with
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the Streptomyces genus, 1.9%) divisions were identified. Fifty percent
of the bacterial endophytes produced the phytohormone indole-acetic
acid (IAA), eleven of which exhibited higher IAA production (>5.8
pg/mL) compared to the plant growth-promoting strain, Pseudomonas
fluorescens UM270. Additionally, the endophytic isolates exhibited
protease activity (22%), produced siderophores (26.4%), and
demonstrated antagonistic action (>50% inhibition of mycelial growth)
against the grey mold phytopathogen Botrytis cinerea (3.9%). These
results suggested that field-grown R. fruticosus plants contain bacterial
endophytes within their tissues with the potential to promote plant
growth and display antagonism towards plant pathogens.

Key words: Bacterial endophytes; Diversity; Fungal antagonism;
Plant growth-promotion mechanisms

INTRODUCTION

Endophytic bacteria are bacterial species that live within plant tissues innocuously
(Kado, 1992), and can be isolated from surface-disinfested plant tissue or extracted from within
plants that have not been visibly harmed by the endophyte (Hallman et al., 1997). Some authors
have suggested that the efficiency of interaction of bacterial endophytes with their plant hosts is
greater than that of rizhospheric bacteria (Al et al., 2014). The rhizosphere is inhabited by many
potential bacterial endophytes, as this ecosystem closely interacts with plant roots, the main entry
pathway into plant tissues; however, seed-endophytes, which are vertically transferred do not
inhabit the rhizosphere (Truyens et al., 2015). Primary and lateral root cracks, as well as diverse
tissue wounds resulting from plant growth, allow rhizospheric bacteria to penetrate and colonize
the internal tissues of plants (Al et al., 2014; Santoyo et al., 2016). Therefore, the rhizosphere
is recognized as a reservoir of potential bacterial endophytes (Marquez-Santacruz et al., 2010).

Several studies have documented the benefits of bacterial endophytic growth within
plant tissues (Santoyo et al., 2016). For example, bacterial endophytes promote growth in,
and render protection against pathogenic infections to, their host plants. Moreover, bacterial
endophytes have been shown to induce resistance mechanisms in plants growing under
diverse environmental stress conditions (Sziderics et al., 2007; Doty et al., 2009; Ali et al.,
2014; Morais-Braga et al., 2015). Previous studies have documented the various direct and
indirect mechanisms employed by bacterial endophytes to promote plant growth (Glick, 2014;
Santoyo et al., 2016). Sessitsch et al. (2005) reported that ACC deaminase, secreted by the
endophytic bacteria Burkholderia phytofirmans PsJN, played a direct role in promoting plant
growth. However, mutants with ACC deaminase activity, constructed by Sun et al. (2009),
were unable to promote root elongation in canola seedlings. Other well-studied endophytes,
such as Azoarcus sp or Gluconacetobacter diazotrophicus, are also involved in promoting
growth in diverse plant species, by fixing nitrogen within the plant tissues (Krause et al.,
2006; Lery et al., 2011). Other direct mechanisms of plant growth promotion include the
production of indole-acetic acid (IAA), siderophores, hydrogen cyanide, and proteases, and
indirect mechanisms include the biocontrol of plant pathogens (Santoyo et al., 2012).

The first step towards documenting the beneficial properties and functions of bacterial
endophytes is analyzing its diversity. So far, every plant analyzed around the world has been
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shown to contain bacterial endophytes. Proteobacteria belonging to the classes o, B, and y, as well as
species belonging to the classes Actinobacteria and Firmicutes, are some of the most predominant
endophytes. Bacterial species belonging to other classes, such as Acidobacteria, Bacteroidetes,
Planctomycetes, and Verrucomicrobia are less commonly found in plant tissues. Bacillus,
Pseudomonas, Burkholderia, Stenotrophomonas, Micrococcus, Pantoea, and Microbacterium are
among the most abundant and commonly reported genera of plant endophytes (Hallman et al.,
1997; Mérquez-Santacruz et al., 2010; Friesen et al., 2011; Xiong et al., 2014).

In this study, the diversity of bacterial communities residing in the roots of Rubus
fruticosus (blackberry) plants from Los Reyes, Michoacan, México was characterized by 16S
rDNA sequencing. Los Reyes is a major producer of blackberries (and other berries), exporting
80% of the total produce to countries such as USA, Canada, Spain, and Germany (SAGARPA,
2015). However, R. fruticosus plants cultivated in the Los Reyes region are commonly exposed
to unfavorable environmental conditions, such as a lack of soil nutrients and pathogen attacks,
which can reduce its production and affect the economy. As the use of agrochemicals affects
fruit export, there is an urgent need for the development of eco-friendly inoculants to promote
plant growth and health, as well as to control the R. fruticosus pathogens.

MATERIAL AND METHODS
Plant sampling and bacterial isolation

Endophytic bacteria were isolated from 24 R. fruticosus plants grown in an agricultural
field in Los Reyes, Michoacan, México (19°59'00"N 102°17'00"0O, altitude: 1580 m.a.s.1.); the
(approximately) two-month old, randomly-selected plants were donated by the farm owners
and transported to the lab for analysis. The roots were washed with sterile distilled water and
strongly adhered soil particles were carefully removed manually. Root tissue (1 g) specimens
were obtained from each plant and surface sterilized using a method described by Marquez-
Santacruz et al. (2010). Briefly, the roots were immersed in 70% ethanol for 30 s, washed with
fresh sodium hypochlorite solution (2.5% available CI') for 5 min, rinsed with 70% ethanol for
30 s, and finally washed five times with sterile distilled water. To further confirm the success
of the sterilization process, aliquots of the sterile distilled water used in the final rinse were
cultured on plates containing NA medium. The plates were examined for bacterial growth
after incubation at 28°C for 4 days. Uncontaminated roots, as detected by a culture-dependent
sterility test, were used for the isolation of endophytic bacteria.

Molecular characterization of isolates

Genomic DNA was isolated from 102 bacterial isolates, and their 16S rDNA
subunits were subjected to PCR for further DNA sequencing, using the bacterial primers
D1 (5'-CAGAGTTTGATCCTGGCTCAG-3") and rD1 (5'-AAGGAGGTGATCCAGCC-3")
(Weisburg et al., 1991). Previously reported PCR conditions were applied (Marquez-Santacruz
et al., 2010). All PCR products were purified and directly sequenced at LANGEBIO (Irapuato,
Mexico). The obtained rDNA sequences were subjected to homology searches against
sequences uploaded to biological databases using the Basic Local Alignment Search Tool
(BLAST); the obtained sequences were subsequently deposited to GenBank (accession Nos.:
KP634900-KP635001).
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Phylogenetic analysis

Multiple sequence alignments were generated and the 16S rDNA gene sequences
were phylogenetically analyzed using MEGA 5.0 (Tamura et al., 2011). All sequences passed
the quality control tests. A confidence value for the aligned sequence dataset was obtained
by performing a bootstrap analysis of 1000 replications. A phylogenetic tree was constructed
using the maximum likelihood algorithm.

Identification of fungal antagonism and plant-growth promotion determinants

The isolated strains were analyzed for diverse plant growth-promotion traits. Skim
milk agar plates were used to detect protease production (Kumar et al., 2005) and siderophore
production was determined by the chrome azurol S assay (Alexander and Zuberer, 1991).
Indole-3-acetic acid (IAA) production was analyzed as previously reported by Hernandez-
Leon et al. (2015), using gas chromatography-mass spectrometry (Gas Chromatograph 6850
Series 11 - Mass Spectrometry detector 5973; Agilent, Foster City, CA, USA) analysis. IAA
production was confirmed by comparing the retention time in the bacterial extracts against
that of pure IAA standard samples (Sigma-Aldrich, St. Louis, MO, USA). The TAA amounts
produced by the bacterial isolates were estimated using calibration curves.

In vitro evaluation for fungal antagonism was evaluated using a method previously
reported by Santoyo et al. (2010). Bacterial isolates were simultaneously deposited with
pathogenic fungi on either PDA or NA agar plates, with very similar results in both media.
Bacteria were streaked on plates in a cross shape, and a 4-mm mycelial plug was deposited at
the center of each of the quadrants. The plates were incubated in a biological oxygen demand
incubator in the dark at 30°C, and the mycelial growth diameter was measured at day 6. Strains
showing >50% mycelial growth were considered as antagonists. All experiments described in
this section were performed in triplicate.

RESULTS
Abundance of culturable bacterial endophytes

In this study, we followed a culturable method to isolate bacterial endophytes with a
potential role in plant protection and growth promotion. Unexpectedly, our analysis revealed
that the roots of R. fruticosus plants exhibited low colony forming units (CFUs) of endophytic
bacteria (low abundance) per gram of tissue (6 x 10% £ 0.5 x 10?).

Diversity and phylogenetic analysis of bacterial endophytes

Bacterial colonies were randomly picked for 16S rDNA sequencing, in order to obtain
a representative sample of the culturable diversity of bacterial endophytes inhabiting the roots
of R. fruticosus. Forty-one different bacterial endophytic species or operational taxonomic units
were identified by a BLAST homology search. These bacterial endophytes belonged to 5 classes:
Actinobacteria, Bacilli, Alfaproteobacteria, Betaproteobacteria, and Gammaproteobacteria (Figure
1). The genus Bacillus (42.1%), belonging to the Firmicutes division, was the most commonly
detected and the most abundant endophyte in the roots of R. fruticosus plants. Additionally, we
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observed multiple genera belonging to the division Proteobacteria, including Burkholderia (29.4%),
Herbaspirillum (10.7%), Pseudomonas (4.9%) and Dyella (3.9%). Two isolates showed high 16S
rDNA gene identity with the Streptomyces genus (1.9%), belonging to the division Actinobacteria.
Analysis of the bacterial endophyte diversity at the species and genus level revealed that Bacillus
cereus was most commonly isolated from R. fruticosus roots (Figure 1). Herbaspirillum frisingense,
Lysinibacillus sphaericus, Burkholderia sp, Bacillus tropica, Bacillus phytofirmans, and Bacillus
caledonica were also among the most abundant isolates.
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Figure 1. Diversity of bacterial endophytes isolated from roots of blackberry plants (Rubus fruticosus). Pie graphs
represent the distribution of bacterial classes and genera in percentages.

Figure 2 shows the phylogenetic relationships of bacterial endophytes isolated from R.
fruticosusroots. The phylogenetic tree includes 102 endophyte isolates thatare representative of the
5 classes identified in this study (Actinobacteria, Bacilli, Alfaproteobacteria, Betaproteobacteria,
and Gammaproteobacteria). All sequenced 16S rDNA samples were closely related to known
bacterial species, with identities >97% in sequence alignment analysis.

Potential mechanisms of plant protection and growth promotion

In this study, the potential mechanisms of plant growth-promotion and phytopathogen
inhibition were also explored, in order to assign preliminary functional roles to the plant
bacterial endophytes. Figure 3 shows that 50% of the isolated bacterial endophytes produced
the phytohormone IAA; however, eleven of these produced higher quantities of IAA (>5.8
pg/mL) than the plant growth-promoting strain, Pseudomonas fluorescens UM270. The
endophytic isolates also exhibited protease activity (22%), siderophore production (26.4%), and
antagonistic action (>50% mycelial growth inhibition) against the grey mold phytopathogen
Botrytis cinerea (3.9%). In this study, we selected the most promising bacterial endophytes for
further analysis of plant growth promotion in greenhouse and field experiments.
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Figure 2. Phylogenetic tree based on 16S rDNA gene analysis of the endophytic bacterial community inhabiting
the roots of Rubus fruticosus plants. The method used for analysis is detailed in the Material and Methods section.
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Figure 3. Percentage distribution of the potential antifungal and direct plant growth-promoting mechanisms of
endophytic bacteria (green color), such as the production of indole-acetic acid (IAA), synthesis of siderophores,
protease activity, and antifungal activity against the grey mold phytopathogen Botrytis cinerea.
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DISCUSSION

Blackberry plants (R. fruticosus) belong to the Rosaceae family of shrubs, characterized
by woody stems and angular thorns that are tender in youth. This could be responsible for the
low degree of colonization by endophytic bacteria living in the rhizosphere (Santoyo et al.,
2016), as the number of bacterial endophytes found in this study is low compared to the numbers
seen in studies conducted in other plants with a higher percentage of soft tissue. For example,
Germaine et al. (2004) reported the presence of 10*-10* CFU endophytes per gram of poplar
plant tissue. Studies conducted in other plants with high percentages of soft tissue, such as rice
(Gyaneshwar et al., 2001), citrus plants (Aratjo et al., 2002), and sugarcane (Mendes et al.,
2007), have also reported an abundance of endophyte colonization (10>-10° CFU/g rice tissue,
102-10* CFU/g citrus plant root tissue, and 10?-10° CFU/g sugarcane tissue). The abundance of
bacterial endophytes within plant tissues is reported to be directly proportional to the biological
effect exerted on the host plants. Mendes et al. (2011) reported that the Pseudomonas phylotype,
a component of the microbial consortia growing in suppressive soils, is an important suppressor
of diseases caused by Rhizoctonia solani in these soils. This is an interesting hypothesis that
must be tested on bacterial endophytes in their plant hosts. Moreover, the abundance of bacterial
endophytes inhabiting the internal tissues of plants may be variable and dependent on several
factors, such as the species, stage of growth, or type of tissue analyzed (Santoyo et al., 2016). As
the rhizosphere is one of the main reservoirs of potential endophytes, it could be hypothesized
that soils with poor microbial and bacterial diversity could have a lower capacity and endophyte
abundance required to colonize plant roots.

In this study, we analyzed the culturable bacteria inhabiting the internal roots of R.

fruticosus growing in the field. This analysis provides us with a glimpse of the endophytic
diversity and its potential role in promoting antifungal activity and plant growth. A majority of
the bacterial species isolated from blackberry roots in this study belong to the Bacillus species,
followed by the Burkholderia species, a close relative of the Pseudomonas species. Members
of'the Bacillus, Pseudomonas, and Burkholderia genera have been widely recognized by their
biocontrol and plant growth-promoting activities (Santoyo et al., 2012). These species produce
a number of metabolites with a wide range of functions and applications, such as antibiotics,
volatile organic compounds, and antifungal, antiviral, and insecticidal compounds (Ryan
et al., 2008; Martinez-Absalon et al., 2014). These three genera have also been detected as
endophytes in the roots of Mexican husk tomato plants (Physalis ixocarpa Brot.) by Marquez-
Santacruz et al. (2010), and as regular microbiota in many other plant hosts (Li et al., 2015;
Ludwig-Miiller, 2015; Sheibani-Tezerji et al., 2015).

Species belonging to the Herbaspirillum genus are also abundantly and commonly
found as endophytes in R. fruticosus plants. Previous reports have identified this genus as a
common endophyte of Oryza sativa and other gramineous plants (Rothballer et al., 2008).
Recently, Zgadzaj et al. (2015) co-inoculated endophytic Herbaspirillum strains and the
natural symbiont Mesorhizobium [oti to lotus plants. Interestingly, both species were shown to
efficiently colonize the nodules formed by infecting M. loti symbionts. Additionally, several
bacterial consortia were co-inoculated to test the colonization capacity of L. japonicus plant
nodules. The results of this revealed complex and interesting host-microbe and microbe-
microbe interactions, demonstrating the possibility of expanding the available strategy for
improving plant growth using nitrogen-fixing bacteria along with other bacterial endophytes
(Zgadzaj et al., 2015). The Dyella genus, a previously reported plant endophyte, was not very
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abundant in blackberry roots, despite being among the most represented genera in the roots of Cytisus
striatus (Becerra-Castro et al., 2011). Interestingly, the latter results were obtained in C. striatus
plants growing at a hexachlorocyclohexane-contaminated site that were analyzed for their bacterial
endophyte diversity. Interestingly, Dyella strains are capable of producing IAA and biosurfactant
products, suggesting their potential role in plant growth-promotion and phytoremediation.

A recent review on plant growth-promoting bacterial endophytes by Santoyo et al.
(2016) analyzed the diverse and similar mechanisms employed by plant growth-promoting
Rhizobacteria (PGPR), such as the production of phytohormones like auxin, cytokinin,
gibberellin, [AA, acetoin, and 2,3-butanediol, iron-chelating compounds such as siderophores,
and protease activity. Indirect promotion of plant growth occurs when a PGPR avoids
infection with a phytopathogen, such as fungi or bacteria. In this study, both direct and indirect
mechanisms were detected in the bacterial endophytes isolated from the R. fruticosus root
tissues. Therefore, we expect to identify both protective and growth promoting mechanisms in
future experiments with the selected endophytes.

The biodiversity of endophytic bacteria has been studied in various host plants of
agricultural importance, such as peppers (Marasco et al., 2012), maize (Stamford et al., 2002),
potatoes (Andreote et al., 2010), and tomatoes (Marquez-Santacruz et al., 2010). However,
their features and functional roles can be diverse. We propose that the search for novel
bacterial endophytes may help identify novel mechanisms that benefit plant growth, and reveal
interesting interactions between plants and their endophytes, and between endophyte strains
within the plant.
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