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Abstract

Endophytic and rhizospheric microorganisms form complex communities that play pivotal role in plant growth and
development, and contribute to the resilience of the host plant. As Butia archeri, a palm species endemic to the Cerrado
savanna, is resistant to acidic soils and high concentrations of iron and aluminum, we decided to test the hypothesis that the
endophyte and rhizosphere communities associated with this plant comprise microbiota rich in functional traits. To test this
hypothesis, we isolated the cultivable radicular (endophytic) and rhizospheric microbiota of this palm and evaluated the
capacity of the isolates to solubilize calcium (CaHPO.) and iron (FePO4) phosphates, synthesize indole acetic acid (IAA),
and suppress the development of Aspergillus niger, the principal fungus known to deteriorate the seeds of this species. In
total, 115 symbiotic bacterial and 17 fungal lineages were isolated, together with 40 seed-degrading fungi, primarily A.
niger. The seed-deteriorating fungi presented a higher diversity index (H’ = 1.82) than the other groups analyzed. Moreover,
we confirmed the hypothesis that the microbiota associated with B. archeri has functional traits that contribute to plant
growth. The BA81RB isolate of the bacterium Bacillus cereus solubilized 570.4 mg L™ CaHPO4 and 750.2 mg L™ FePOa.
Furthermore, two isolates also solubilized remarkable amounts of CaHPO4, with the BA367EF and BA99RF lineages of
Stagonosporopsis cucurbitacearum and Bionectria ochroleuca solubilizing 798.90 and 493.20 mg L' phosphorous,
respectively. Additionally, we confirmed the presence of isolates that synthesized high concentrations of IAA, such as the
BA147RB lineage of Enterobacter sp., which synthesized 97.0 ug mL™, and others with potential for suppression of A.
niger (BAG8EB of Bacillus amyloliquefaciens and BA89RB of B. cereus). The present study provides novel insights into the
symbiotic microorganisms associated with B. archeri, and reveals potentially important perspectives for the application of
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these isolates as promoters of plant growth, in particular for crops cultivated on the soils of the Cerrado biome.
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Introduction

Endophytic and  rhizospheric  microorganisms
promote growth of the plants with which they are
associated, considering the provision of various functions
that result in adaptive gains for the host species. The
functional traits of endophytic microbes include the
provision of nutrients, via fixation of nitrogen and
solubilization of phosphates (Puri et al., 2018; Richard et
al., 2018; Shabanamol et al., 2018; Sahoo & Gupta, 2018;
Jeong et al., 2018); synthesis of phytohormones such as
auxins, cytokinins, and gibberellins (Shi et al., 2009; Ali
et al., 2017); production of siderophores (Loaces et al.,
2011; Verma et al., 2011; Rungin et al., 2012; Dolatabad
et al., 2017); synthesis of the enzyme ACC-desaminase
(e.g. Cedefio-Garcia et al., 2018; Kruasuwan &
Thamchaipenet, 2018; Tavares et al., 2018; Win et al.,
2018); and antibiosis of phytopathogens (e.g. Devi et al.,
2018; Nigris et al., 2018; Vurukonda et al., 2018).

Endophytic microorganisms are deeply connected to
the internal tissue of plants, where they provoke
physiohormonal alterations, including the regulation of
internal hormones (e.g. Shahzad et al., 2016; Bilal et al.,
2018). For example, bacteria producing IAA may affect
root elongation, development of radicular hairs, and
radicular exudate, considering that this phytohormone
triggers changes in the permeability of the plasma
membrane (Golubev et al., 2011). Similarly, the

microorganisms that live in the rhizosphere form a
complex community involving numerous connections
with the plant. Rhizosphere is the region where
interactions between plant and microorganisms occur
(Dantas et al., 2011). This close interaction may
guarantee resilience of the plant in situations of
physiological stress, such as a lack of water or excess of
salts and heavy metals (e.g. Sheng et al., 2008; Li et al.,
2011; Fan et al., 2018; Khan et al., 2019).

The soils of the Cerrado domain are naturally acidic,
and contain high concentrations of aluminum, iron, and
manganese, which at low pH, become highly soluble,
have toxic effects on plants, and fix phosphorus in the soil
by forming insoluble phosphoric compounds (Rodrigues
et al., 2016). Phosphorus is poorly mobile in the soil,
where it is precipitated in the form of orthophosphate or is
absorbed by calcium, iron, or aluminum cations, to form
insoluble compounds, such as AlIPO4, FePO,, Caz(PO4)2,
which remarkably reduce the availability of this nutrient
to plants. To overcome these issues, various plants
associate with phosphate-solubilizing microorganisms
(Khan et al., 2014), which produce organic acids, such as
oxalic acid, citric acid, and gluconic acid, as well as
phosphatase acids, that are capable of mineralizing
phosphorus and increasing its availability to plants
(Sharma et al., 2011; Mendes et al., 2014).

The dwarf jelly palm, Butia archeri Glassman,
known as coqueirinho-do-campo ou butia in Brazil, is a
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short-trunked palm endemic to the Cerrado savanna, and
is highly adapted to the soils of this biome. B. archeri is
found only in the Brazilian states of Goias, Minas Gerais,
and S&o Paulo, and the Federal District (Lima et al., 2003;
Soares, 2015). While B. archeri has been classified as
extinct in the red list of endangered species of S&o Paulo
(Mamede et al., 2007), the species is locally abundant in
the Brazilian Midwest. While this palm has recently
gained immense interest from landscape gardeners (e.g.
Hazir & Buyukozturk, 2013), it grows slowly and its
seeds are difficult to germinate (Lorenzi et al., 2010),
which hampers the production of seedlings.

One of the principal difficulties for the germination
of B. archeri seeds is the high incidence of seed-
deteriorating fungi, which grow on the fruit, and reduce
the viability of the seeds, considering that the fleshy
mesocarp of this palm fruit attracts mold. Numerous
studies have reported that several endophytic organisms
have an antibiotic effect on seed-deteriorating fungi, and
thus, reduce the incidence of disease and increase seed
viability (e.g. Mahmood & Kataoka, 2018; Verma et al.,
2018). Da Silva et al.,, (2018) recently found that
rhizospheric isolates of the genus Bacillus obtained from
a congener of B. archeri, Butia purpurascens, efficiently
inhibit the seed-deteriorating fungi Neodeightonia
phoenicum and Penicillium purpurogenum isolated from
the seeds, in addition to numerous endophytic bacteria,
with an enhanced capacity for synthesizing IAA. As B.
archeri is a wild species, endemic to the Cerrado, we
determined the genetic and functional diversity of its
endophytic radicular and rhizospheric microbiota. We
verified whether these communities contained organisms
with functional traits, including the solubilization of
calcium (CaHPO,) and iron (FePO4) phosphates,
synthesis of IAA, and suppression of the seed-
deteriorating fungi that affect these species.

Material and Methods

Collection of the plant material: Samples were
obtained from a B. archeri specimen aged approximately
10 years, collected from an area of Cerrado sensu stricto
in the vicinity of the town of Rio Verde, Goias, Brazil
(17°35°10.51” S, 50°59°13.06” W, altitude 822 m a.s.L.).
This palm was apparently healthy, and was extracted
from the soil using a hoe, by keeping the block of
rhizospheric soil intact to protect the root system. The
material was placed immediately in a cooler and
transferred to the Agricultural Microbiology Laboratory
at the Rio Verde campus of the Goias Federal Institute,
where it was processed.

Isolation of microorganisms: The endophytic
microorganisms were isolated by fragmentation; herein,
the sample roots were first being rinsed under running
water to remove the excess of attached soil, and then
agitated in water and neutral detergent at 70 rpm for 10
min, in order to reduce the number of epiphytic
microorganisms. Thereafter, the tissue surface was
disinfested by successive rinsing, immersion in 70%
ethanol for 1 min, sodium chloride (2.5% active chlorine)
for 5 min, and 70% ethanol for 30 s, followed by three
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rinses with autoclaved distilled water. To test the
efficiency of disinfestation, 500 uL of water of the final
rinse was extracted and inoculated in the nutrient broth (3
g meat extract; 5 g peptone) at 28°C, for 24 h.

The disinfested fragments were cut into pieces of
approximately 1 cm length and were then placed in Petri
dishes containing Potato Dextrose Agar (PDA; 200 g
potato, 20 g dextrose, and 5 g agar). The endophytic
microorganisms were isolated by the 10th day of culture.
The relative frequency of colonization was evaluated,
based on the number of fragments containing at least one
endophytic strain, divided by the total number of isolates.

The rhizospheric microorganisms were randomly
selected for isolation, with 10 g of the root fragments
being agitated in sterilized peptone water containing
Tween 80 (0.1%) for 30 min at 70 rpm, at ambient
temperature. The supernatant was then diluted in a series
of saline solutions, and 50 pL aliquots were seeded in
GELP medium (Sylvester-Bradley et al., 1982) using the
pour plate technique. The plates were then incubated at
ambient temperature. Phosphate solubilization of CaHPO4
was determined based on the appearance of a transparent
halo, considered to be a positive signal (Barroso &
Oliveira, 2001; Souchie et al., 2007), after 4 days.
Colonies that solubilized CaHPO. were isolated for
purification and storage.

The seed-deteriorating fungi were isolated from B.
archeri seeds, which were wrapped in Germitest® paper
for germination in a Mangelsdorf germinator, adjusted to
30°C for 30 days. Once the mycelia developed, small
fragments of the fungi growing around the seeds were
removed using an inoculation loop. These fragments were
cultivated in PDA medium, and the frequency of
colonization was recorded for each isolate. The most
common isolate was considered to be the principal
deteriorator of the B. archeri seeds.

Identification of microorganisms: The genomic DNA of
bacteria was extracted using the approach of Cheng &
Jiang (2006). The Enterobacterial Repetitive Intergenic
Consensus  (ERIC-PCR) molecular marker, with
oligonucleotides ERIC-1 and ERIC-2 (Bose & Sarma,
1975), was used to differentiate the purified strains, and
those varying by at least one amplicon were identified as
distinct lineages. Species were identified based on a
partial sequence of the 16S rDNA gene, using the
oligonucleotides 27F and 1492R (Weisburg et al., 1991).
The fungi were grouped in lineages based on their
morphological characteristics, including the color of the
mycelium, their texture, and the extension of mycelial and
microculture growth. The genomic DNA was extracted
from a representative of each morphotype using a
Miniprep extraction kit (Axygen Biosciences, USA),
following the manufacturer’s recommendations. The
inter-retrotransposon amplified polymorphism (IRAP-
PCR) molecular marker with the oligonucleotides CL
IRAP1 and CL IRAP4 (Santos et al., 2012), was used to
differentiate the lineages through their banding patterns.
Species were identified based on a partial sequence of the
ITS (Internal Transcribed Spacer) rDNA region, using the
oligonucleotides ITS 4 and ITS 5 (White et al., 1990).
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The amplification products of the 16S and ITS were
purified (Dunn & Blattner, 1987) and sequenced by the
Sanger method, using a Big Dye kit in an ABI3100
automatic sequencer (Applied Biosystems) in the UNESP
Centralized multiuser Large-Scale DNA Sequencing and
Gene Expression Analysis Laboratory in Jaboticabal, Séo
Paulo, Brazil. The sequences were compared with those
available in  GenBank (http://www.ncbi.nlm.nih.gov)
using BLASTN (Altschul et al., 1990), considering a
minimum homology of 97%.

Diversity and phylogenetic relationships of the isolates:
The phylogenetic inference was carried out separately for
the bacterial and fungal isolates, as well as the seed-
deteriorating fungal isolates. The inferences were based on
the alignment of the 16S and ITS sequences with the type
sequences extracted from the Ribosomal Database Project,
run in CLUSTAL OMEGA (Sievers et al., 2011).

The evolutionary model of the sequences was
selected based on the Bayesian Information Criterion
(BIC) obtained in JMODELTEST 2 (Darriba et al.,
2012). The TPM3uf+l+G model was selected for the
bacteria and the K80+G model for the fungi (both
symbiotic and seed-deteriorating). Moreover, the
phylogenetic trees were produced by Bayesian
inference in Mr. Bayes v.3.2.6 (Ronquist et al., 2012).
Four independent runs were employed for each tree,
with chains of 10 x 106 generations, and the a
posteriori probabilities being evaluated every 500
generations. The first 2500 trees were discarded prior
to the calculation of the consensus tree, to guarantee
the convergence of the chains. The phylogenies
recuperated by this approach were subsequently tested
by the bootstrap method, with 5000 replications, run in
MEGA 7 (Kumar et al., 2016). Furthermore, the
phylogenetic trees were visualized and edited in
FigTree v 1.4.2 (Rambaut, 2014). Chrysiogenes
arsenatis was the outgroup for the bacterial tree,
whereas Cryptosphaeria sp. was the outgroup for the
endophytic/ rhizospheric fungi, and Spirosphaera
beverwijkiana for the seed-deteriorating fungi.

The Shannon-Wiener index (H’) was used to
determine the diversity of the endophytic, rhizospheric, and
deteriorator isolates, as reported by Kumar & Hyde (2004).

Functional traits

Quantification of the solubilization of CaHPO4 and
FePO4: The endophytic and rhizospheric bacteria
(previously selected in the qualitative test for the
solubilization of CaHPQO,) were inoculated into liquid GL
medium (10 g glucose, 2 g yeast extract), under constant
agitation, in an orbital Shaker (Nova Técnica NT 712)
agitator at 90 rpm, for 24 h, at 30°C. The optical density
(ODeno) of the samples was standardized with 0.85%
saline solution at 0.1. Thereafter, the fungal samples were
grown in PDA medium for 4 days, at 30°C. All tests were
run in triplicate.

The solubilization test comprised inoculation of 1 mL
of each standardized bacterial culture or 5-mm myecelial
discs in liquid GL medium with 1.26 g L' of each
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phosphate sources (CaHPO,4 and FePQy,) separately. These
cultures were incubated under constant agitation (90 rpm)
at 30°C, for 72 h. Following growth, the pH was
measured and the quantity of inorganic phosphorus was
determined by the vitamin C colorimetric method, as
mentioned by Gadagi & Sa (2002). The solubilization was
determined via comparison with an established standard
curve, and values were presented as mg L' of Pi.

Production of IAA: The production of IAA was
quantified based on the approach of Gordon & Weber
(1951). For this, 50 uL of the bacterial culture, with the
ODeyo adjusted to 0.1, or 5-mm diameter mycelial discs
from each sample were inoculated in nutrient broth,
supplemented with 100 pg mL™ of tryptophan.
Thereafter, the cultures were incubated for 72 h at 30°C,
under constant agitation (90 rpm), in an orbital agitator,
and 1 mL of the supernatant of each culture was
transferred to a test tube, followed by addition of 2 mL of
Salkowski reagent. The tubes were kept in the dark for 20
min, prior to the spectrophotometric reading (530 nm).
The synthesis of IAA was determined by the standard
curve, with values given in pg.mL™ of IAA.

Biocontrol of the principal seed-deteriorating fungus:
The antagonistic activity of the endophytic and
rhizospheric  bacteria toward the most common
phytopathogen found in the B. archeri seeds, was
evaluated. The double culture (Mew & Rosales, 1986) tests
were run in PDA medium. Initially, the bacterial isolates
were selected using a 5-mm disc of the phytopathogen
mycelium, which was placed at the center of the Petri dish,
with four different bacteria being placed equidistant around
it. The control was a dish with only the fungus in its center.
The dishes were incubated at ambient temperature for 8
days. The formation of a halo between the lineages under
analysis was considered to indicate antibiosis, and the
selected lineages were then transferred to the quantitative
test, in triplicate, under the same conditions.

The diameter of the mycelium was measured to
determine the percentage growth of the fungus in the
presence of the bacterium, calculated by the relative
inhibition (RI) index:

(RC-RX) _ o

RC 0

RI (%) =

RC = Radius of the phytopathogen colony in the control
treatment

RX = Radius of the phytopathogen colony exposed to the
endophytic/rhizospheric isolate

Statistical analysis

All tests were completely randomized and conducted
in triplicate. The data were evaluated using an analysis of
variance, and the mean values recorded for functional
traits analyzed in the present study were compared using
the Scott—Knott test (5%).
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Results

Diversity and phylogenetic relationships of the
isolates: All (100%) root fragments were colonized by
endophytic microorganisms, resulting in the isolation of
89 bacteria and 15 fungi. In total, 26 bacteria and two
fungi capable of solubilizing CaHPO,4 were isolated from
the rhizosphere.

The 115 endophytic and rhizospheric bacterial
lineages isolated here (Table S1) represented seven
genera with 13 taxa belonging to the phyla Proteobacteria,
classes a and y (90.43% of the isolates), Firmicutes, class
Bacilli (8.70%), and Actinobacteria, class Actinobacteria
(0.87%). In the Proteobacteria, the genus Enterobacter
contributed 67% of the isolates, most of which (85%)
were obtained from the endophytic environment, whereas
the other 15% were isolated from the rhizospheric
environment. Rhizobium, which corresponded to 24% of
the isolates, was represented by two species found
exclusively in the endophytic environment, as was
Acinetobacter, which corresponded to 3% of the isolates.
Two genera were found exclusively in the rhizospheric
environment, that is, Kosakonia and Klebsiella, with 4%
and 2% isolates, respectively (Fig. 1A).

In case of Firmicutes and Actinobacteria, only
Bacillus amyloliquefaciens was isolated in both the
environments analyzed, although it was more frequent in
the rhizospheric isolates, with 27% of the total isolates
(Fig. 1B). All other Bacillus species were observed only
in the rhizospheric environment. The most prominent of
these species was Bacillus cereus, the most common
bacterium in this environment (37%). Streptacidiphilus
luteoalbus was the only actinobacterium isolated from the
endophytic environment (9% of isolates).

The phylogenetic inference revealed the existence of
three monophyletic clades, two of which were more
similar, containing bacteria of the genus Rhizobium,
together with Enterobacter, Klebsiella, Kosakonia, and

Proteobacteria A)

Klebsiella R
Kesakonia oryzae
aeragenes 4%

2% —

Enterobacter sp. Rhizobium tropici \\

/‘ ~ = 21%
\ Rhizobium

] . g \“ pusense

i —3

Acinetobacter
Enterobacter sp. sp.
\ 57% 3%
. A

S o~

Rhizospheric || Endophytic

f ™ . i Bacilfus megaterium
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Acinetobacter, with the other clade being made up
exclusively of the isolates of genus Bacillus (Fig. 2).

All fungi isolated in the present study were members
of the phylum Ascomycota, distributed in three classes.
The class Sordariomycetes was the most common (70.59%
of the isolates), followed by Euromycetes (23.53%) and
Dothimycetes (5.88%). In total, seven genera were
recorded, including Fusarium (47.06% of the isolates),
Talaromyces, Penicillium, and Phomopsis, each with
11.76% of the total, and Stagonosporopsis, Hypocrea, and
Bionectria, each with 5.88%. None of the species occurred
in both the rhizospheric and endophytic environments.

The analysis of the endophytic and rhizospheric fungal
isolates revealed the existence of three clades (Table S2,
Fig. 3). The most divergent clade was formed exclusively
by Penicillium, whereas the most ample clade encompassed
Fusarium, Talaromyces, Stagonosporopsis, Phomopsis,
and Hypocrea, which shares similarities with Bionectria.

In total, 40 taxa of seed-deteriorating fungi were
recorded here (Table S3), most of which belong to the
class Euromycetes (82.50% of the total), followed by
Sordariomycetes (12.5%) and Dothimycetes (5%). Five
genera were recorded, in particular Aspergillus (67.50%
of the isolates), followed by Talaromyces (15%),
Fusarium (7.5%), Gibberella (5%), and Neodeightonia
(5%) (Fig. 4).

The phylogenetic inference revealed three distinct
clades, although the arrangement of the species was not
well defined. Talaromyces ruber formed one clade, which
was completely distinct from the other two, including that
of Talaromyces amestolkiae. Moreover, the Aspergillus
species were also allocated to two different clades.

The diversity indices (Shannon—Wiener H’) recorded
for the cultivable microbial populations of B. archeri
were 0.95 and 1.64 for the endophytic and rhizospheric
bacteria, respectively. In fungal isolates, the indices were
1.52, 0.69, and 1.82 for the endophytic, rhizospheric, and
seed-deteriorating fungi, respectively.

Firmicutes and Actinobacteria B)
1 17-“‘\
Bacillus
e b
. luteoalbus 9%
\ =
Bacillus pumilus
9%
Bacillus
W amyloliquefaciens
9% =4 27%
Bacillus cereus
37%

Rhizospheric/ - Endophytic/
Firmicutes Actinobacteria

Fig. 1. Distribution (percentage) of the endophytic and rhizospheric bacterial isolates (phyla: Proteobacteria, Firmicutes, and
Actinobacteria) recorded in Butia archeri, a palm (Arecaceae) endemic to the Cerrado biome.
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Table S1. Molecular identification based on 16S region sequencing of isolates of the endophytic radicular and rhizospheric
bacteria of B. archeri, a palm (Arecaceae) endemic to the Cerrado biome.

Isolate Enwronment/ Identification Filo, Class, Order, Family GenBank
Quantity access
BA71EB BA227EB
BA72EB  BAZ230EB
BA76EB BA234EB
BAS1AEB BA235EB
BABIEB = BA241EB Proteobacteria; Alphaproteobacteria,
BA185EB BA246EB E(22) Rhizobium tropici Rhizobial'es Rhizobiaceae ' KP687380
BA186EB BA257EB '
BA195EB BA259EB
BA198EB BA346EB
BA209EB BA368EB
BA220EB BA372EB
BA212EB N Proteobacteria, Alphaproteobacteria,
BArisep BAZ53EB E@3) Rhizobium pusense Rhizobiales. %higobiaceae KF297587
BAS7EB  BA219EB
BA62EB  BA222EB
BAG63EB  BA223EB
BAG5EB  BA224EB
BAG67EB  BA225EB
BAGOEB BA228EB
BA73EB BA232EB
BA74EB  BA233EB
BA75EB  BA240EB
BA76BEB BA243EB
BA77EB  BA248EB
BA78EB  BA250EB
BA78BEB BA252EB
BASOEB  BA254EB
BAB2EB  BA255EB
BAS3EB BA256EB
BABSEB  BA258EB Proteobacteria, Gammaproteobacteria
BA9SBEB BA279EB E(59) / R(11) Enterobacter sp. Enterobactera’les Enterobacteriaceae’ KF420155
BA116EB BAZ283EB '
BA182EBB BA286EB
A183EB  BAZ288EB
BA184EB BA290EB
BA189EB BA295EB
BA190EB BA298EB
BA191EB BA96RB
BA192EB BAI103RB
BA197EB BAI105RB
BA199EB BA109RB
BA200EB BA110RB
BA201EB BA116RB
BA202EB BAl1l17RB
BA203EB BA120RB
BA206EB BAI121RB
BA207EB BA123RB
BA216EB BAl1l47RB
BA73RB . Proteobacteria; Gammaproteobacteria;
BABORB R() Klebsiella aerogenes Enterobacterales; Enterpobacteriaceae MG546216
BA106RB BA115RB . Proteobacteria; Gammaproteobacteria;
BA112RB BA118RB R(4) Kosakonia oryzae Enterobacterales; Enterpobacteriaceae L.T799040
BA229EB . Proteobacteria, Gammaproteobacteria,
BA239EB BA247EB E@) Acinetobacter sp. Pseudomonadales, MFc)JraerIaceae GQ478266
gﬁgisg 5:‘19282%% E(1) / R(3) Bacillus amyloliquefaciens Firmicutes, Bacilli, Bacillales, Bacillaceae ~KF418240
gﬁg?gg gﬁggsg R(4) Bacillus cereus Firmicutes, Bacilli, Bacillales, Bacillaceae HQ694315
BA98RB R(1) Bacillus megaterium Firmicutes, Bacilli, Bacillales, Bacillaceae MG774438
BA77RB R(1) Bacillus pumilus Firmicutes, Bacilli, Bacillales, Bacillaceae ~KX242456
BA188EB E(1) Streptacidiphilus Actinobacteria, Actinobacteria, AY530190

luteoalbus

Streptomycetales, Streptomycetaceae

E = Endophytic; R = Rhizospheric
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Fig. 2. Phylogenetic relationships and classification of the isolates of the endophytic radicular and rhizospheric bacteria of Butia
archeri, a palm (Arecaceae) endemic to the Cerrado biome. The values in black are the a posteriori probabilities of the nodes and
those in blue are the bootstrap values. E = endophytic; R = rhizospheric; (') the quantity of isolates recorded in each environment.

I
Penicillium simplicissimum AF033440

85
0 ss'-' EQ)
|
100_ Fusarium solant KY307803
0.9 E()
|
100 || Fusarium oxysporum JN232163
0.99 | EQ)
|
1 100 || Talaromyces verruculosus HQ608025
= EQ2
100 | 0-99) @
0.99 f
100 - 100 || Stagonosporopsis cucurbii um JQ936326
0.99 0.99) E(D)
|
100 | Phomopsis sp. JQ341094
| 100 0.99 E@)
|
0.59 100 || Hypocrea lixii JQ040359
0.99 '.1 E(1)
100 | Bionectria cf. ochroleuca KF578124

0.99 | R()

L Cryptosphaeria sp. FI430586

0.3
Fig. 3. Phylogenetic relationships and classification of the isolates of the endophytic radicular and rhizospheric fungi of Butia archeri,
a palm (Arecaceae) endemic to the Cerrado biome. The values in black are the a posteriori probabilities of the nodes and those in blue
are the bootstrap values. E = endophytic; R = rhizospheric; () the quantity of isolates recorded in each environment.
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Fig. 4. Phylogenetic relationships and classification of the isolates of the seed-deteriorating fungi of Butia archeri, a palm (Arecaceae)
endemic to the Cerrado biome. The values in black are the a posteriori probabilities of the nodes and those in blue are the bootstrap
values. D = seed-deteriorating fungi; () the quantity of isolates recorded in each environment.

Table S2. Molecular identification based on ITS region sequencing of isolates of the endophytic radicular and rhizospheric
fungi of B. archeri, a palm (Arecaceae) endemic to the Cerrado biome.

Isolate Enwronment/ Identification Filo, Class, Order, Family GenBank
Quantity access
D BALO4EF N o Sordariomycat
. . scomycota, Sordariomycetes,
BA81BEE BA287EF E (7) Fusarium solani Hypocreales, Nectriaceae KY307803
BAL01EF BA301EF
BA296EF E(1) Fusarium oxysporum Ascomycota, Sorda_rlomycetes, JN232163
Hypocreales, Nectriaceae
BAT72EF Ascomycota, Eurotiomycetes,
BAYOEF E(2) Talaromyces verruculosus Eurotiales, Trichocomaceae HQ608025
BA292EF - S Ascomycota, Eurotiomycetes,
BA3SOEF E(2) Penicillium simplicissimum Eurotiales, Aspergillaceae HM469430
. . Ascomycota, Dothideomycetes
BA367EF E(1) Stagonosporopsis cucurbitacearum Pleosporales. Didymellaceae JQ936326
BA108RF R(1) Hypocrea lixii Ascomycota, Sordariomycetes, ;359
Hypocreales, Hypocreaceae
BA99IRF R(1) Bionectria ochroleuca Ascomycota, Sordariomycetes,  prza15)
Hypocreales, Bionectriaceae
BA214EF . Ascomycota, Sordariomycetes,
BA284EF E@) Phomopsis sp. Diaporthales, Valsaceae JQ341094

E = Endophytic; R = Rhizospheric


https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=147541&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=92860&lvl=3&keep=1&srchmode=1&unlock
https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=683158&lvl=3&keep=1&srchmode=1&unlock
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Tabela S3. Molecular identification based on ITS region sequencing of seed deteriorating fungi of B. archeri, a palm
(Arecaceae) endemic to the Cerrado biome. D = Deteriorator.

Isolate EnV|r0nrr_1ent/ Identification Filo, Class, Order, Family GenBank
Quantity access
BA139DF . L Ascomycota, Sordariomycetes,
BAL41DF BA151DF D(3) Fusarium verticillioides Hypocreales, Nectriaceae KX196811
BA152DF Ascomycota, Eurotiomycetes,
BAL56DF BAL172DF D(3) Talaromyces ruber Eurotiales, Trichocomaceae LC171870
BA148DF i
BA178DF D@B)  Talaromyces amestolkiae A Scomycota, Eurotiomycetes, Q912016
BA150DF Eurotiales, Trichocomaceae
BA146DF
BALUTDF o200
BA153DF BA173DF
BA154DF BA174DF
BA155DF . i
BAL75DF D@9)  Aspergillus flavus Ascomycota, Eurotiomycetes, EF409804
BA157DF Eurotiales, Aspergillaceae
BA158DE BA177DF
BA159DF BA179DF
BAL60DE BA180DF
BA183DF
BA163DF 8
BA140DF . Ascomycota, Eurotiomycetes,
BA142DF BA161DF D(3) Aspergillus sp. Eurotiales, Aspergillaceae JF312217
BA176DF . . Ascomycota, Eurotiomycetes,
BA181DF D(2) Aspergillus nomius Eurotiales, Aspergillaceae KY397991
BA149DF . Ascomycota, Eurotiomycetes,
BA182DF D(2) Aspergillus ustus Eurotiales, Aspergillaceae AY213637
BAL162DF D() Aspergillus tubingensis Ascomycota, Eurotiomycetes, MG857651
Eurotiales, Aspergillaceae
BA143DF . - . Ascomycota, Sordariomycetes,
BAL45DF D(2) Gibberella moniliformis Hypocreales, Nectriaceae AB374142
BA144DF . . . Ascomycota, Dothideomycetes
BA170DF D) Neodeightonia phoenicum Botryosphaeriales, Botryosphaeriaceae EU673340

Functional traits: In general, 10 of the isolated bacteria
were capable of solubilizing significant concentrations
of CaHPO,, in particular, the BA81RB strain of B.
cereus (5704 mg L") and the BA123RB strain of
Enterobacter sp. (591.1 mg L™'). In the case of FePQy,
the BA81RB B. cereus strain was highly effective, and
solubilized 750.2 mg L', similar to the BA105RB strain
of Enterobacter sp., which solubilized 732.9 mg L™
(Fig. 5a); however, the high indices of solubilization
observed here were not associated with reduced pH of
the cultures, considering that the pH remained close to
neutrality in both CaHPO4 and FePO. (Fig. 5b).

Only two bacterial isolates did not synthesize IAA, and
the highest rates were recorded for the rhizospheric isolates
BA147RB (Enterobacter sp.), which synthesized 97.0 ug
mL! of IAA, and BA118RB (Kosakonia oryzae), which
synthesized 85.9 ug mL™! (Fig. 2), although the isolates
BAGBEB (B. amyloliquefaciens) and BAL105RB
(Enterobacter sp.) also synthesized more than 80.0 pug
mL"of IAA. None of the fungal isolates synthesized 1AA.

Only two bacterial isolates, the endophytic BA68EB
strain of B. amyloliquefaciens and the rhizospheric

BAB89IRB strain of B. cereus presented antagonistic effects
on the seed-deteriorating fungus Aspergillus niger, with
the highest percentage of inhibition being recorded for B.
cereus (Rl = 14.29%). As for IAA, no fungal isolates
inhibited the growth of A. niger.

Fewer fungal isolates solubilized phosphates, in
general. The highest rates of solubilization of CaHPO4
were recorded for the BAB367EF strain of
Stagonosporopsis cucurbitacearum (798.90 mg L' of
P) and the BA99RF strain of Bionectria ochroleuca,
which solubilized 493.20 mg L' of P (Fig. 6a).
Moreover, solubilization was observed in other
isolates, such as the BA108RF strain of Hypocrea lixii
and the BA72RF strain of Talaromyces verruculosus,
although the process was less intense. In the specific
case of the BAI108RF strain of H. lixii, the
solubilization was associated with an abrupt reduction
in the pH of the medium, which indicates the liberation
of organic acids by the microorganism. Furthermore,
the BA367EF isolate of S. cucurbitacearum was
capable of solubilizing FePOy4, reaching 383.83 mg L'
of P (Fig. 6b).


http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=147541&lvl=3&keep=1&srchmode=1&unlock
http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Undef&id=451869&lvl=3&keep=1&srchmode=1&unlock

ENDOPHYTIC RADICULAR AND RHIZOSPHERIC MICROBIOTA FROM BUTIA ARCHERI 1495

BA123RB

BA147RB
Enterobacter sp.

BAGBEB BASIRB BA9JERB BA105RB BA110RB BA118RB BA120RB BA121RB
T B. amyloliguefaciens || B. cereus || Enterobactersp. || Enterobactersp. W Enterobactersp. [ K. oryzae | Entarobacter sp. Enterobacter sp. Enterobacter sp.
CaHPO,
ﬂ) solubil n 444,59 a 550.21a 406.35a 478.98a 466,008 503.37a 505.65a 483.37a
7.02a 7.84a 7.77a 7.79a 7.87a 7.78a 7.95a 793a 797a 7.96a 793a
b) 513.03b (7033 | 624.03a 0.00d 550.23 b 69160 663.53a 566.16 b 640,932
pH - FePO,
solubilizati 7.698 7.67a 7.55b 7.58b 7.83a 7.85a 7.53b 7.68a 7.65a 7.41b 775a
Producti — = e
Antibiosis of el — — —
) pein e Bl == I B I O B D Em  Em
(IR%)

. Isolate

- Best mean values for this functional trait

B Functional trait absent or rare l Expression of the functional trait
Functional trait present

Non-expression of the functional trait
Characteristic independent of the functional trait J- P

Fig. 5. Functional traits presented by the different endophytic radicular and rhizospheric bacterial isolates of Butia archeri, a palm
(Arecaceae) endemic to the Cerrado biome. Mean values followed by different letters are significantly different (5%) from one
another, based on the Scott-Knott test.
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Fig. 6. Functional traits presented by the different endophytic radicular and rhizospheric fungal isolates of Butia archeri, a palm

(Arecaceae) endemic to the Cerrado biome. Mean values followed by different letters are significantly different (5%) from one
another, based on the Scott—Knott test.
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Discussion

Species of the genera Bacillus, Rhizobium, and
Enterobacter, as observed in the present study, are
commonly known to share endophytic radicular
relationships with both native and introduced plants of the
Cerrado biome (e.g. Inacio et al., 2017; de Abreu et al.,
2017; Braga et al., 2018). Da Silva et al., (2015; 2018)
isolated species of these genera from the roots of B.
purpurascens, a second Butia palm endemic to the Cerrado.
The endophytic fungi of the B. archeri roots included one
species of Penicillium and two of Fusarium genera, which
are known to have endophytic relationships with several
Cerrado plants (e.g. Noriler et al., 2018). Faria et al.,
(2016) isolated species of these genera from the roots of the
native tree, Anacardium othonianum Rizzini; whereas,
Almeida et al., (2005) obtained endophytic isolates of
Fusarium oxysporum and Fusarium sp. from In vitro
samples of the Bactris gasipaes palm. The occurrence of
pathogenic lineages of Penicillium and Fusarium is known
to be influenced by climatic factors, such as temperature
and humidity (e.g. Ono et al., 1999; Doohan et al., 2003;
Backhouse, 2014), which indicates that the highly seasonal
tropical climate of the Cerrado may also be favorable to
endophytic lineages of these genera.

The highest indices of diversity (Shannon-Wiener
H”) were recorded for the seed-deteriorating fungi, which
support the hypothesis that the fleshy mesocarp of palm
(Arecaceae) fruit may attract these fungi due to their
water content. Moreover, excess water may reduce the
germination rate by impeding the penetration of oxygen
and affecting seed metabolism and viability (Figliola et
al., 1993). Kobori et al., (2009) observed that seed
germination of Livistona chinensis (Arecaceae) was
impacted by the presence of seed-deteriorating fungi,
primarily Fusarium. In another study, Pereira et al.,
(2014) found that the presence of decomposing fungi,
such as Fusarium, may avoid predation of the palm fruit
by beetles (Coleoptera) in Acrocomia aculeata.
Furthermore, this indicates that fungal incidence in these
fruits may be related to seed protection provided by them
through elimination of volatile compounds.

Rhizospheric strains of B. cereus (BA81RB) and
Enterobacter sp. (BA123RB and BA105RB) with potential
for solubilizing calcium and iron phosphates were
identified in the present study. Numerous previous studies
have also confirmed the solubilizing capacity of
rhizospheric strains of B. cereus, including that of Ku et al.,
(2018), who tested their potential for the promotion of
growth in soybean, wheat, and kale. The bacteria of this
genus are known to promote plant growth under low
phosphorus availability (Bacillus subtilis, Bacillus pumilus,
Bacillus sphaericus, Bacillus polymyxa, Bacillus brevis, B.
amyloliquefaciens,  Bacillus licheniformis,  Bacillus
atrophaeus, and Bacillus velezensis) (de Freitas et al.,
1997; Vazquez et al., 2000; Mohamed et al., 2018; Ribeiro
et al., 2018; Chen et al., 2019; Dipta et al., 2019), alkaline
(Bacillus marisflavi and B. subtilis) (Ahmad et al., 2018;
Prabhu et al., 2018) and volcanic (Bacillus thuringiensis)
(Delfim et al., 2018) soils, or even on soils with high metal
concentrations (B. cereus) (Yang et al., 2018).
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Similarly, the genus Enterobacter, in particular the
species Enterobacter cloacae, Enterobacter aerogenes,
and Enterobacter ludwiigi, are known to promote plant
growth by solubilizing phosphates (see e.g. Shrivastava et
al., 2018; Singh, 2018) on salinized soils (e.g. Hafeez et
al., 2018), and those with high concentrations of heavy
metals, by helping to reduce their toxicity (e.g. Adhikari,
et al., 2018; Pramanik et al., 2018a).

The mechanisms through which these bacteria
solubilize inorganic phosphates remain unclear, although
they may involve the release of organic acids, processes of
chelation and reduction (Altomare et al., 1999), or even
stimulation of plant metabolism, which may promote the
efflux of protons and release of organic acids by the roots
(Carrillo et al.,, 2002; Shrivastava et al., 2018). We
observed high levels of phosphate solubilization by the
BA81RB strain of B. cereus, and the BA123RB and
BA105RB strains of Enterobacter sp., although the
expression of this functional trait did not result reduced pH
of the medium, which contradicts the hypothesis that these
strains may have liberated acids to access the Pi. In
contrast, numerous studies have confirmed the capacity of
B. cereus and Enterobacter to hydrolyze organic phosphate
compounds and produce soluble phosphorus, via synthesis
of phosphatase enzymes (e.g. Danial & Alkhalf, 2018;
Pramanik et al., 2018b; Muslim et al., 2018). Sato et al.,
(2016) described a new ectophosphatase acid that is
produced by Enterobacter and concluded that it may
constitute a mechanism for solubilizing mineral phosphates
by the microorganisms capable of solubilizing insoluble
minerals, which increases the availability of nutrients for
the plant, in particular in soils with less phosphorus content.

The fungal BA367EF isolate of S. cucurbitacearum
solubilized extremely high levels of CaHPO,, in some
cases, higher that those recorded for the bacterial isolates
analyzed in this study. Moreover, this isolate was also
effective for the solubilization of FePO.. Biz et al., (2017)
isolated an endophytic radicular strain of this genus from
Vochysia divergens in the Pantanal biome, but did not
evaluate the functional traits of this strain. In contrast with
the results of the present study, Nandhini et al., (2018)
isolated an endophytic strain of S. cucurbitacearum from
millet, although it did not appear to promote plant growth
in any perceivable way. One other isolate that was
effective in solubilizing CaHPO4 was the BA99RF strain
of B. ochroleuca. This endophytic microorganism was
tested biotechnologically for the production of peptides
(Abdalla & Matasyoh, 2014) and exopolysaccharides with
antitumoral activity (Li et al., 2016), and also for its
potential influence on plant growth, as described by Faria
et al., (2016), who confirmed the capacity of B.
ochroleuca for solubilizing various phosphates.

The BA108RF isolate of H. lixii solubilized relatively
low concentrations of CaHPO,, although its activity
markedly reduced the pH of the medium. H. lixii is the
sexual stage of Trichoderma harzianum (Chaverri et al.,
2003), a species that is commonly found in soil samples
worldwide. Hong et al., (2010) recorded reduced pH
values in a test experiment in Petri dishes, revealing that
H. lixii can solubilize insoluble metallic phosphates, and
accumulate Cu and Zn in the biomass. Altomare et al.,


https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2672.2009.04613.x#b12
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2672.2009.04613.x#b12
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2672.2009.04613.x#b4
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(1999) also demonstrated that T. harzianum is able to
solubilize insoluble minerals (MnO,, metallic zinc, and
CaHPQ.). From a slightly different perspective, H. lixii is
also known to synthesize phytase-type phosphatases, in
particular, via solid (Thyagarajan et al., 2014a) or liquid
fermentation, under agitation (Thyagarajan et al., 2014b).
Thus, H. lixii may also be considered as a potential
promoter of plant growth.

Only one of the symbiotic bacteria analyzed in the
present study did not produce IAA, and the highest
concentrations of this phytohormone were synthesized by
the BA147RB strain of Enterobacter sp. These findings are
in accordance to those of Da Silva et al., (2018), in their
study of the palm B. purpurascens (Arecaceae), in which
the highest concentrations of IAA were also produced by a
strain of Enterobacter. Shoebitz et al., (2009) isolated a
strain of Enterobacter that may promote plant growth,
considering its capacity for producing IAA, solubilization
of phosphates, production of positive nitrogenase, and its
potential as an antagonist of Fusarium solani.

In contrast, only two of the bacteria analyzed
presented antibiotic activity against A. niger. This
indicates that this functional trait is not developed
primarily by the symbiotic bacteria of B. archeri. The
BAG8EB strain of B. amyloliquefaciens was effective in
all the functional traits analyzed, as was the BA81RB
strain of B. cereus, although it did synthesize low
concentrations of IAA.

This is the first study to analyze the endophytic and
rhizospheric microbial diversity of the dwarf jelly palm, B.
archeri Glassman, a species that is widely used as an
ornamental plant for landscaping and urban afforestation,
but is poorly-known in biological terms. Furthermore, the
functional capacities of the microorganisms associated with
this palm have important implications in developing
effective agricultural practices, in particular for the soils of
the Cerrado biome. Phosphate-solubilizing strains, for
example, may be used as biofertilizers, with the potential to
minimize or eliminate the current dependence on chemical
fertilizers (Coutinho et al., 2012). We hope that the present
study will also expand the current perspective on the
potential use of endemic species for the prospection of
biotechnologically viable strains of microorganisms.

Conclusions

We confirmed the hypothesis that the microbiota
associated with B. archeri presents functional traits for
the solubilization of phosphates, such as the bacterial
isolates BA81RB (B. cereus) and BA105RB
(Enterobacter sp.), and the fungal isolates BA367EF, of
S. cucurbitacearum, and BA99RF, of B. ochroleuca. We
also confirmed the presence of isolates that synthesize
IAA (the BAL147RB strain of Enterobacter sp. and
BA118RB of K. oryzae) and have potential for
suppressing A. niger, the principal seed-deteriorating
fungus that affects B. archeri (BAG68EB of B.
amyloliquefaciens and BA89RB of B. cereus).
Collectively, the results of the present study provide
important insights into the symbiotic microorganisms
associated with a native palm (Arecaceae) endemic to the
Brazilian Cerrado savanna.
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