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ARTICLE INFO ABSTRACT

Keywords: Ceratocystis fimbriata is the causal agent of Ceratocystis wilt in eucalypt plantations, resulting in lower volumetric
165 rRNA growth, lower pulp yields and reduced timber. Therefore, the first hypothesis is these changes also could affect
DGGE

root-associated bacterial communities; and second hypothesis is that some bacteria associated with eucalyptus
roots may act as a natural barrier against C. fimbriata. The structure and composition of bacterial communities
associated to roots of eucalyptus plants presenting four levels of infection by C. fimbriata were evaluated. The
abundance of rhizoplane community was higher than in endorhizosphere. On rhizoplane the abundance was
higher in healthy than the infected plants, suggesting that these communities respond differentially to the
C. fimbriata infection. C. fimbriata infection has effect on the endophytic bacterial community. The Pseudomonas
fluorescens, P veronii, and Rahnella aquatilis were isolated only from roots of healthy plants. It was confirmed that
R. aquatilis effectively controls C. fimbriata in vitro, strongly suggesting a negative association between the
abundance of these bacterial species and the presence of C. fimbriata infection. In summary, data clearly suggest
that sequential dynamics in shifting bacterial communities could be taken into account to increase understanding
of the underlying mechanisms of C. fimbriata root infection.

Eucalyptus disease
Plant-bacteria-phytopathogen interaction

plants, the occurrence of C. fimbriata was first reported in 1998, when
infected plants were observed simultaneously in Brazil and the Republic

1. Introduction

The genus Eucalyptus (family Myrtaceae) encompasses more than
700 species originally found in tropical and subtropical regions of the
globe, being cultivated for pulp and cellulose production. The planted
eucalypt forest had suffering by the presence of many phytopathogenic
bacterial and fungi species. Among these diseases, the wilt is one of the
most severe threats to planted forests. Wilt caused by the fungus Cera-
tocystis fimbriata Ellis; Halsted (ascomycete), a pathogen that starts
infection mainly from the roots and exhibit symptoms of cankers,
generalized wilt, root, and fruit decay, vase obstruction, and plant
desiccation (Roux et al., 2004; Zauza et al., 2004; Ferreira et al., 2005).
Halsted (1890) first described this fungus as a phytopathogenic agent,
which, at that time, was attacking sweet potato tubers. In eucalyptus

of Congo (Ferreira et al., 1999; Roux et al., 1999). The extension of
affected areas and the consequent economic losses, the occurrence of
this disease can compromise industrial processes and cellulose yield
(Mafia et al., 2013).

The plant colonization by a phytopathogen is a result of a cascade of
events, mediated by biotic and abiotic factors (Agrios, 2004). The ge-
netic background of the host and pathogen, as well as the interaction
between the phytopathogen and associated microbiota (endophytic,
epiphytic, rhizoplane and rhizosphere) is a key factor that regulate the
success of this interaction (Weller et al., 2002; Chandel et al., 2010;
Hardoim et al., 2008; Mendes, 2013). In this sense, the composition of
these non-pathogenic bacteria assembling at the plant roots is known to
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establish putative interactions with plants, resulting in ecologically
important local communities, such as those occurring at the root surface
(i.e., rhizoplane) and colonizing internal tissues (i.e., the endosphere).
The root-associated microbiota has been studied during the past decades
in many plant species, which has been reported to comprise members
able to promote plant growth (Chanway, 1998; Azevedo et al., 2000) to
protect plants against pest and diseases (Altindag et al., 2006) and even
induce plant-defense against pathogens (Kavino et al., 2007; Mendes
et al., 2011; Araujo et al., 2012) Ecological behavior of specific benefi-
cial groups has been reported, such as their ability to penetrate plant
roots and colonize internal tissues similarly to pathogens (Hardoim
et al., 2008; Junker at al. 2012; Brader et al., 2017). This feature might
allow the possible application of endophytic microorganisms in the
bio-control of phytopathogens, mainly by antagonism (Silva et al.,
2019), systemic resistance induction (Singh, 2017; Sahu, 2019).

Considering that surface colonization is the first step before endo-
phytic colonization, the rhizoplane bacterial community could
contribute to the inhibition of plant pathogens by competing with them
to colonization sites, before during root establishment (Andreote et al.,
2006; Fuqua, 2007).

Studying the composition and diversity of endophytic bacteria in
Eucalyptus roots, Fonseca et al. (2018) found that various growing
conditions influence and induce changes in the bacterial community
structure. They suggest that bacterial community might enhance Euca-
lyptus fitness by increasing nitrogen availability through biological ni-
trogen fixation. In a similar way, Miguel et al. (2016) examined the
diversity and distribution of endophytic bacterial communities in
Eucalyptus. They observed higher diversity in field-grown plants
compared to those cultivated in greenhouses.

Other researchers have explored the association between the endo-
phytic community and phytopathogens in eucalyptus. Procépio et al.
(2009) demonstrated the widespread presence of the genus Pantoea
across different plant genotypes, correlating its occurrence with the
die-back disease. Additionally, they identified several endophytic bac-
teria with the potential to control plant pathogens (Ferreira et al., 2008).
In a related study, Paz et al. (2012) evaluated and characterized endo-
phytic Bacillus strains from eucalyptus capable of enhancing plant
growth in clones of the hybrid Eucalyptus urophylla x E. grandis.

Despite this study and a few others mentioned recently in the liter-
ature, relatively little is known about the main determinants of the
eucalyptus root-associated microbes, and nothing has been reported on
how these communities might interfere with the occurrence and success
of infection events. In this context, the present study proposed two hy-
potheses: the first is that varying levels of C. fimbriata pathogen infection
in eucalyptus could impact root-associated bacterial communities; and
the second hypothesis suggests that certain bacteria associated with
eucalyptus roots may serve as a natural barrier against C. fimbriata. To
test these two hypotheses we defined the objectives of this study: i)
assess the composition of antagonist bacteria in the rhizoplane and
endosphere communities of eucalyptus plants exposed to different levels
of C. fimbriata infestation, and ii) investigate how these varying disease
levels may induces shifts in the structures of these associated bacterial
communities.

2. Material and methods
2.1. Plant genotypes and sampling of roots

This work was performed using a eucalyptus hybrid (Eucalyptus
grandis x E. urophylla), kindly supplied by the Suzano Pulp and Paper
company (Suzano, Brazil). The trees were cultivated in an experimental
field, with a Yellow Argisol (Ultisol) located in the city of Mucuri, Bahia,
Brazil. Sampling was performed in areas exhibiting health three and
others three different levels of infestation by C. fimbriata: i) non-
C. fimbriata (NCF), healthy trees; ii) root C. fimbriata (RCF), C. fimbriata
present only in the trees roots); iii) stem C. fimbriata (SCF), C. fimbriata
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present only in the trees stems; and iv) root and stem fungus (RSCF),
C. fimbriata present in the trees roots and stems. To check that only the
stem was infected and the roots were not, was carried out by visual
observation of symptoms. Additionally, a specific methodology for
isolating C. fimbriata was employed, as described by Alfenas et al.
(2007). In total, five samples were collected from health trees and in
each of the three levels of disease (20 total). Were choose lateral roots
with a radius of 0.4 cm, in a depth of 10-15 cm. Samples were collected
and microbial community isolated or total DNA extracted up to 24 h in
the Laboratory of Microbial Genetics (Department of Genetics, ESAL-
Q/University of Sao Paulo) in Piracicaba, Brazil.

2.2. Rhizoplane and endophytic bacterial isolation

Obtained root fragments were washed in sterile running tap water to
remove the adhered soil particles. Soil-free roots were used to isolate the
rhizoplane and endosphere bacterial communities. In each sample, five
fragments were cut into pieces approximately 25 cm? in size. The ex-
tremities of the fragments were covered with paraffin to avoid potential
escape of endophytic microorganisms. Fragments were placed in an
Erlenmeyer flask containing 25 g of 0.1-cm diameter glass beads and
50 mL of sterile phosphate buffered saline (PBS) solution (containing
1.44 g L1 of NayHPOy; 0.24 g L1 of KHyPO4; 0.20 g L™} of KCI; and
8.00 g L1 of NaCl at pH 7.4). Flasks were shaken at 150 rpm and 28 °C
for 1 h. The resultant cell suspensions were used as the rhizoplane
samples. Afterward, the same root fragments were removed from the
flasks and used for bacterial endophytic isolation. Initially, root frag-
ments from each sample were submitted to surface disinfestations ac-
cording to the methodology previously described by Aratjo et al.
(2001). Briefly, a serial immersion of fragments was performed in 70 %
ethanol for 1 min, sodium hypochlorite solution (2 % available CI") for
2 min, 70 % ethanol for 1 min, and two washes in sterilized distilled
water. After the surface disinfestations, 1 g of material was triturated in
10 mL of sterile PBS and maintained at 28 °C while shaking at 150 rpm
for 1 h. The resulting cell suspension was used as a source to isolate the
endophytic communities.

For the rhizoplane and endophytic communities, the cell suspensions
were appropriately diluted and plated onto 10 % Trypticase Soy Agar
plates (TSA-Merk) supplemented with 50 pg mL ™! of benomyl fungicide
to prevent fungal growth. Plates were incubated at 28 °C for 7 d, and the
number of colony-forming units (CFU) was determined to estimate
culturable population density. A random sample of approximately 20 %
of the colonies was saved to represent the bacterial diversity in further
analyzes. These colonies were purified, suspended in 30 % glycerol so-
lution, and stored at — 70 °C.

2.3. Bacterial identification

The 16S rRNA gene amplification was performed using colony-PCRs
according to methods described by Ferreira et al. (2008), in which iso-
lates were grown in TSA and a single colony was transferred to a tube
containing 200 pL of sterilized, ultra-pure water. The bacterial suspen-
sion was used as the source of DNA for PCR reactions. The primer sets
used for 16S rRNA amplification were PO27F (5-GAGAGTTT-
GATCCTGGCTCAG-3*) and 1387r (5’-CGGTGTGTA-
CAAGGCCCGGGAACG-3’). The PCR reaction included 1 pL of bacterial
suspension, 10 mM of Tris-HCI (pH 8.3), 3.75 mM of MgCl,, 0.2 mM of
each deoxyribonucleotide triphosphate (ANTP), 200 mM of each primer,
and 2.5 U of Taq DNA polymerase in a 50-pL final volume. A negative
control (PCR mixture without DNA template) was included in all PCR
amplifications. Amplifications were performed in a thermal cycler (PTC
200, MJ Research, USA) with the following PCR parameters: initial
denaturation at 94 °C for 5 min; 35 cycles of denaturation at 94 °C for
1 min; primer annealing at 62.5 °C for 1 min; and primer extension at
72 °C for 1 min, followed by a final extension at 72 °C for 7 min. PCR
products were analyzed by electrophoresis in a 1.2 % (w/v) agarose gel
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stained with ethidium bromide in 0.5x Tris-acetate-ethylene diamine
tetra acetic acid (TAE) buffer.

Following PCR amplification, ARDRA analyses were used as a way to
help in bacterial grouping and identification. These analyzes were car-
ried out as follows: 1 ug of an amplified 16S rRNA gene was digested
with 2 U of Hhal restriction enzyme (Fermentas Life Sciences, Brazil)
according to the manufacturer’s recommendations. The products were
analyzed by electrophoresis in a 2.5 % (w/v) agarose gel and stained
with ethidium bromide. The ribotypes obtained were separated in
groups according to the obtained molecular fingerprints. The 16S rRNA
gene PCR products were purified with polyethylene glycol (PEG) (20 %
PEG 8000; 2.5 mM of NaCl) and sequenced at the Institute of the Human
Genome (USP, Sao Paulo, Brazil). The taxonomical sequence affiliations
were assessed using BLASTN (National Centre for Biotechnology Infor-
mation website) against the non-redundant database of GenBank.

2.4. Antifungal action of Pseudomonas fluorescens, P. veronii, and
Rahnella aquatilis

In this study, we utilized the fungal isolate Agn 7 (Ceratocytis fim-
briata). The fungal isolate was cultured and maintained on BDA medium
(Difco). Evaluations were conducted using the paired culture method,
which involves direct confrontation on solid medium between the
antagonist and the phytopathogenic fungus. For this purpose, bacterial
isolates were inoculated on BDA culture medium (Difco) at 28 °C for 2
days. Subsequently, the fungal isolate was inoculated on the opposite
part of the Petri dish, followed by a 20-day incubation. In control plates,
only the fungus was inoculated. After cultivation, the presence of inhi-
bition zones between the paired cultures and the radial growth of the
phytopathogen in comparison to the control indicated pathogen inhi-
bition by the bacterium. All analyzes were performed in triplicate.

2.5. Identification of the unculturable bacterial communities

The total DNA extraction was performed using the same bacterial cell
suspensions obtained in the bacterial community isolation process. The
DNA was extracted using 0.5 mL of initial material for each sample and
carried out with a MoBio UltraClean™ soil DNA kit (MoBio Labora-
tories, EUA) following the manufacturer’s instructions. The DNA ob-
tained from rhizoplane and endosphere samples was checked in a 1 %
(w/v) agarose gel.

The structure of total bacterial communities associated with euca-
lyptus roots was assessed by PCR-DGGE. The amplification of 16S rRNA
gene fragments from total DNA extracted from rhizoplane and endo-
sphere samples was performed using semi-nested PCR. The first PCR was
performed using primers 799F (5-AACMGGATTAGATACCCKG-3)
(CHELIUS; TRIPLETT, 2001) e 1492R (5’-TACGGY-
TACCTTGTTACGACT-3’), using 35 cycles of 94 °C for 20 s, 53 °C for
40 s, and 72°C for 40 s. The reactions were performed in a final volume
of 25 pL using 5-10 ng of initial DNA, 3.75 mM of MgCl,, 0.2 mM of each
dNTP, 0.4 pM of each primer, 2.5 U of Taq DNA polymerase, 1 x buffer,
and 0.2 mg of bovine serum albumin (BSA). The second PCR was per-
formed using 1 pL (20 ng) of PCR product from the first PCR. It consisted
of a 50-pL reaction mixture containing 0.4 pM of universal primers
U968GC (5’-Grampo de CG-AACGCGAAGAACCTTAC-3’) and R1387
(5’~-CGGTGTGTACAAGGCCCGGGAACG-3’) for the 16 S rRNA gene and
1 % of formamide under similar conditions as the first PCR, with the
exception that the annealing temperature was 56 °C for 1 min and the
extension was 72 °C for 2 min. All amplicons were checked in 1 % (w/v)
electrophoresis agarose gels stained with ethidium bromide prior to the
DGGE analysis.

The DGGE analyses were performed as described previously (Heuer
et al.,, 1997) in a PhorU-2 gradient system (Ingeny International, The
Netherlands). The obtained 16S rRNA gene amplicons were loaded onto
6 % (w/v) polyacrylamide gels in 0.5 x TAE buffer. The polyacrylamide
gels were made with denaturing gradients ranging from 45 % to 65 %
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(where the 100 % denaturant contained 7 M of urea and 40 % form-
amide). The gels ran for 16 h at 100 V and 60 °C, after which they were
soaked for 1 h in SYBR Green nucleic acid stain (1:10,000 dilution,
Invitrogen) and immediately photographed under ultraviolet light.

2.6. Statistical analysis

The statistical analysis for the isolation data was performed using the
SAS software package (The SAS Institute, USA). Bacterial counts were
transformed using the log;o of x + 1 prior to implementing analysis of
variance (ANOVA). An a priori 0.05 level of significance was established
for data analysis. In addition, a Tukey’s least-significant-difference test
was applied for paired comparison of means. The obtained community
fingerprints from DGGE were analyzed using the GelComparIl software
package. Initially, the images were normalized, and standardization
methods that were applied to mark the presence of bands were carefully
checked manually; corrections were made when deemed necessary.
Relative intensity of each band was calculated, and a table containing
band positions and their relative intensities was exported for further
analysis. Interpretation of the results obtained by PCR-DGGE was per-
formed via principal component analysis (PCA) using Canoco 4.5 soft-
ware (Microcomputer Power, USA). The table containing band positions
was used as species data, and the same table was used to estimate bac-
terial community structures in all evaluated samples.

3. Results
3.1. Rhizoplane culturable bacterial community composition

The isolation method allows obtaining culturable bacterial strains
encompassing distinct morphological groups in the four rhizoplane
treatments (NCF, RCF, SCF, and RSCF). The total culturable densities
among treatments ranged from 12.78 to 20.66 x 10* CFU cm ™2 of root
tissue (Table 1). Differences were observed (F = 47.62 and p < 0.0001)
in the densities of CFU among treatments by analysis of CFU cross-
comparison averages (Table 1). Remarkably, the number of CFU ob-
tained for the NF treatment exhibited statistically higher CFU than those
observed in the RF, SF, and RSF treatments, which did not differ among
each other in CFU density (Table 1).

Based on ARDRA technique 160 isolates were evaluated, resulting in
13 ribotypes belonging to 12 bacterial families (Table 2). The most
frequent ribotypes were identified as B (Bacillaceae) and E (Bacillaceae
and Paenibacillaceae) (Table 2). The remaining ribotypes were identi-
fied as follows: G (Micrococcaceae); O (Microbacteriaceae); T (Micro-
bacteriaceae); Z (Nocardiaceae); F (Rhizobiaceae); J (Comamonadaceae

Table 1

Bacterial densities in the rhizoplane of the eucalyptus roots with different
infestation levels by Ceratocystis fimbriata phytopathogen. In each column,
values followed by same letter are statically similar according to the Tukey test,
(p value < 0.05).

Treatment” Rhizoplane bacteria

(10* CFU em? ! of root)**
NE##* 20,66 a
RF 14,19 b
SF 12,78 b
RSF 17,00 b

" Samples of 40 & cm? of eucalyptus roots.

™ Data mean the average of three replicates and five isolation procedure.

" i) non-fungus (NF), with healthy trees but without external symptoms of
the C. fimbriata and fungus in stems and roots; ii) root fungus (RF), with healthy
trees but without external symptoms of the C. fimbriata presence and fungus in
stems (but presence in roots); iii) stem fungus (SF), with affected trees, external
symptoms of the C. fimbriata presence, and fungus in stems but without fungus in
roots; and iv) root and stem fungus (RSF), with affected trees, external symptoms
of the C. fimbriata presence, and fungus in stems and roots.
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Table 2
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ARDRA riboptypes distribution in each rhizoplane treatment (i, i, iii e iv), with different infestation level by Ceratocystis fimbriata phytopathogen.

Ribotypes Family Percentage in each treatment Total percentage
NF RF SF RSF

A Xanthomonadaceae 2,3 3,8 4,5 8,7 4,7
B Bacillaceae 36,5 23,2 52,3 40,0 39,6
C Microbacteriaceae 4,5 NO* 2,3 5,8 3,4
E Bacillaceae e Paenibacillaceae 22,8 34,7 36,3 31,5 30,8
F Rhizobiaceae 9,0 11,5 NO 2,8 5,4
G Micrococcaceae 9,0 3,8 NO 2.8 4,0
H Pseudomonadaceae NO 3,8 NO 2.8 1,3
J Comamonadaceae e Burkholderiaceae 6,9 NO 2,3 NO 2,7
(0] Microbacteriaceae 4,5 NO NO 2.8 2,0
R Enterobacteriaceae NO 7,7 NO NO 1,3
T Microbacteriaceae 2,3 7,7 2,3 2,8 3,4
VA Nocardiaceae 2,3 NO NO NO 0,7
w Pseudomonadaceae NO 3,8 NO NO 0,7

* Not observed.

and Burkholderiaceae); A (Xanthomonadaceae); C (Microbacteriaceae);
H and W (Pseudomonadaceae); and R (Enterobacteriaceae) (Table 2).
Ribotypes H, W, and R were observed only in the RF and RSCF treat-
ments (with fungus infesting roots), while ribotype J was observed
exclusively in the NCF and SCF treatments (without fungus infesting
roots). The families Xanthomonadaceae (Ribotype A), Bacillaceae
(Ribotype B and E), and Microbacteriaceae (Ribotype T) were isolated
from all four treatments, while the other families were observed
throughout treatments (Table 2).

Representative isolates of these ribotypes were taxonomically char-
acterized by sequencing and analysis of the 16S rRNA gene (Table 3).
The microbial community associated to eucalyptus rhizoplane are
composed by members of the genera Arthrobacter, Bacillus, Brevibacillus,

Table 3

Bacterial identification of isolates corresponding to ARDRA rhizoplane ribo-
types. The molecular identification of species was carried out by partial 16S
rDNA sequencing and BLASTn analysis (National Center for Biotechnology infor-
mation website).

Ribotype  Phylum Specie (Blast-NCBI) %" Reference
strain

B Firmicutes Bacillus cereus 100 EU104731.1

E Bacillus fusiformis 96  AB271743.1

E Brevibacillus brevis 98  EF173465.1

E Lysinibacillus 96  EF690426.1
sphaericus

G Actinobacteria Arthrobacter sp. 100 EU034524.1

O Leifsonia xyli 97  DQ232616.2

T Microbacterium 100 DQ365561.1
phyllosphaerae

T Microbacterium 98 EU249583.1
oxydans

C Curtobacterium 81 EU102272.1
flaccumfaciens

Z Nocardia terpenica 92  AB201298.2

F Alphaproteobacteria ~ Rhizobium tropici 99  EU074181.1

J Betaproteobacteria Burkholderia 99  AJ300686.1
kururiensis

J Variovorax 95 EU169184.1
paradoxus

A Gamaproteobacteria  Dyella koreensis 91  AB272381.1

A Luteibacter 97 EU022023.1
rhizovicinus

A Rhodanobacter 98  AB286179.1
thiooxydans

A Stenotrophomonas 99  EU221397.1
maltophilia

H Pseudomonas 98  EF552157.1
fluorescens

w Pseudomonas veronii 99  AB334768.1

R Rahnella aquatilis 86  X79939.1

" Similarity with the reference strain.

Burkholderia, Curtobacterium, Dyella, Leifsonia, Luteibacter, Lysinibacillus,
Microbacterium, Nocardia, Pseudomonas, Rahnella, Rhizobium, Rhodano-
bacter, Stenotrophomonas, and Variovorax (Table 3).

3.2. Endophytic culturable bacterial community composition

The culturable fraction of eucalyptus root-associated microbiota also
revealed bacterial isolates exhibiting distinct morphological groups in
four endophytic root treatments (NCF, RCF, SCF, and RSCF). It is
important to note that no bacterial colonies were observed in the
negative control of surface-disinfected plates, which ultimately guar-
anteed that obtained colonies were undoubtedly endophytic. Total
culturable densities of endophytic communities among treatments
ranged from 9.20 to 25.13 x 10* CFU g’1 of root tissue (Table 4). Dif-
ferences were observed (F = 44.44 and p < 0.0001) in the densities of
CFU among treatments by analysis of CFU cross-comparison averages
(Table 4). Remarkably, the number of CFU obtained for the RSCF
treatment exhibited statistically higher CFU than those observed in the
NCF, RCF, and SCF treatments, which did not differ among each other in
CFU density (Table 4).

Based on ARDRA technique 160 isolates were evaluated, resulting in
8 ribotypes belonging to 5 bacterial families (Table 5).

From these totals, three ribotypes (B, E, and F) were present in all
treatments, and the other five (A, D, P, R, and X) were observed to differ
among treatments (Table 5).

Through sequencing and analysis of 16S rRNA, representative iso-
lated ribotypes revealed isolates belonging mainly to the phylum Fir-
micutes and classes Alphaproteobacteria and Gamaproteobacteria

Table 4

Endophytic bacterial densities in the eucalyptus roots with different infestation
levels by Ceratocystis fimbriata phytopathogen. In each column, values followed
by same letter are statically similar according to the Tukey test, (p value < 0.05).

Treatment” Endophytic bacteria

(10* CFU g~ of root)**
NE*** 19,60 b
RF 9,20 b
SF 15,73 b
RSF 25,13 a

*

1 g of eucalyptus root samples.
Data mean the average of three replicates and five isolation procedure.

" i) non-fungus (NF), with healthy trees but without external symptoms of
the C. fimbriata and fungus in stems and roots; ii) root fungus (RF), with healthy
trees but without external symptoms of the C. fimbriata presence and fungus in
stems (but presence in roots); iii) stem fungus (SF), with affected trees, external
symptoms of the C. fimbriata presence, and fungus in stems but without fungus in
roots; and iv) root and stem fungus (RSF), with affected trees, external symptoms
of the C. fimbriata presence, and fungus in stems and roots.
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Table 5
ARDRA Riboptypes distribution in each endophytic treatment (i, ii, iii e iv), with
different infestation level by Ceratocystis fimbriata phytopathogen.

Ribotype  Family Percentage in each Total
treatment percentage
NF RF SF RSF

A Xanthomonadaceae = NO* 3,1 2,2 2,4 2,2

B Bacillaceae 60,0 43,8 39,0 71,0 52,9

D Bacillaceae NO 18,7 15,2 NO 9,4

E Bacillaceae 15,0 3,1 8,8 14,5 10,1

F Rhizobiaceae 20,0 3,1 6,5 4,8 7,3

P Moraxellaceae NO 9,4 24,0 NO 10,1

R Enterobacteriaceae NO 12,5 NO NO 2,9

X Enterobacteriaceae NO 6,3 4,4 7,3 5,1

* Not observed.

(Table 5). The most frequent ribotype was identified as B (Bacillaceae).
Other ribotypes were identified as follows: A (Xanthomonadaceae); E
and D (Bacillaceae); F (Rhizobiaceae); P (Moraxellaceae); and R and X
(Enterobacteriaceae) (Table 5). Representative isolates of these ribo-
types were taxonomically characterized by sequencing and analysis of
the 16S rRNA gene (Table 6). The microbial community associated to
endophytic eucalyptus are composed by members of the genera Bacillus,
Erwinia, Lysinibacillus, Psychrobacter, Rahnella, Rhizobium and Steno-
trophomonas (Table 6).

3.3. Antifungal test against Ceratocystis fimbriata

To verify whether the bacteria found in non infected root eucalyptus
were able to control Ceratocystis fimbriata. We evaluated the in vitro
capacity of Pseudomonas fluorescens, P. veronii, and Rahnella aquatilis to
control the fungus Ceratocystis fimbriata. The paired culture methodol-
ogy allowed us to assess the bacterial isolates, and it revealed that
Rahnella aquatilis could inhibit the in vitro growth of C. fimbriata (Fig. 1).
On the other hand, the two Pseudomonas species did not control
C. fimbriata.

3.4. Analysis of bacterial community associated to eucalyptus plants

The unculturable microbial communities of rhizoplane and inner
root tissues of Eucalyptus plants with different levels of C. fimbriata
infection were evaluated by PCR-DGGE. The generated profiles were
used for assess the structure of these microbial communities by Principal
Component Analysis (Fig. 2).

On the x-axis, which accounted for 16.9 % of the total variance, it
was evident that one cluster of NCF and RSCF treatments was distinct
from the RCF and SCF treatments (Fig. 2). This suggests that there is no
correlation between infected and non-infected plants by the C. fimbriata.

Table 6

Bacterial identification of isolates corresponding to ARDRA endophytic ribo-
types. The molecular identification of species was carried out by partial 16S
rDNA sequencing and BLASTn analysis (National Center for Biotechnology infor-
mation website).

Ribotype  Phylum Specie (Blast-NCBI) %™ Reference
strain

P Firmicutes Psychrobacter sp. 97  EU075122.1

B Bacillus cereus 100 EU104731.1

D Bacillus pumilus 94  AB244297.1

E Lysinibacillus 96  EF563985.1
sphaericus

F Alphaproteobacteria  Rhizobium tropici 99 EU074181.1

R Gamaproteobacteria ~ Rahnella aquatilis 97  DQ862543.1

X Erwinia persicina 97  AM294946.1

A Stenotrophomonas 99  AJ293467.1
maltophilia

" Similarity with the reference strain.
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Fig. 1. Fotos de placas de Petri contendo meio de cultura BDA onde foram
inoculados isolados bacterianos em uma das margens e o fungo Ceratocystis
fimbriata na outra. A - Rahnella aquatilis com capacidade de inibir o fungo
C. fimbriata; B - isolado bacteriano sem a capacidade de inibir o
fungo C. fimbriata.
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Fig. 2. Principal component analysis (PCA) based on PCR-DGGE profiles ob-
tained with universal 16S rDNA primers in rhizoplane samples. i) non-fungus
(NF), with healthy trees but without external symptoms of the C. fimbriata
and fungus in stems and roots; ii) root fungus (RF), with healthy trees but
without external symptoms of the C. fimbriata presence and fungus in stems (but
presence in roots); iii) stem fungus (SF), with affected trees, external symptoms
of the C. fimbriata presence, and fungus in stems but without fungus in roots;
and iv) root and stem fungus (RSF), with affected trees, external symptoms of
the C. fimbriata presence, and fungus in stems and roots. Data mean the average
of Were assessed three replicates and five isolation procedure for each treat-
ment. The values for the axes show the percentage of explained variance.

On the other hand, the y-axis, representing 13.5 % of the total variance,
indicated that the cluster of NCF and SCF treatments was separate from
the RCF and RSCF treatments (Fig. 2). This demonstrates a grouping of
samples from roots with the presence of C. fimbriata separately from
non-infected roots. With a lower, but detectable degree of correlation,
the bacterial communities in the rhizoplane are modulated when they
are infected by C. fimbriata.

For root endophytic communities, all treatments exhibited high
similarity with each other, with the exception of the RSCF treatment
(Fig. 3), which was the highest infested level by C. fimbriata. This
treatment appeared to be separate from the others in the PCA, with the x
axis explaining 20.3 % of the total variance (Fig. 3). This demonstrates
that endophytic bacterial communities are strongly modulated when
they are infected by C. fimbriata.

4. Discussion

The colonization of plants by microorganisms might occur in a py-
ramidal profile, where higher diversity and density levels may occur on
the rhizoplanes and/or in the roots, stems, and leaves (Elvira-Recuenco
and van Vuurde, 2000; Mendes et al., 2007). Similar results were



A. Ferreira et al.

© )
o &)
]
@
11,8 *
Tratamentos

ii
iii

g O v

-1.0 20,3 1.0

Fig. 3. Principal component analysis (PCA) based on PCR-DGGE profiles ob-
tained with universal 16S rDNA primers in endophytic samples. i) non-fungus
(NF), with healthy trees but without external symptoms of the C. fimbriata
and fungus in stems and roots; ii) root fungus (RF), with healthy trees but
without external symptoms of the C. fimbriata presence and fungus in stems (but
presence in roots); iii) stem fungus (SF), with affected trees, external symptoms
of the C. fimbriata presence, and fungus in stems but without fungus in roots;
and iv) root and stem fungus (RSF), with affected trees, external symptoms of
the C. fimbriata presence, and fungus in stems and roots. Data mean the average
of Were assessed three replicates and five isolation procedure for each treat-
ment. The values for the axes show the percentage of explained variance.

observed in this study, where the bacterial densities and complexity of
community composition on the rhizoplane were higher than those
observed for endophytic communities. The samples assessed were
collected in a highly infested area by C. fimbriata, and the eucalyptus
root-associated communities (rhizoplane and endophytic) were
composed of the following: Arthrobacter sp.; B. cereus; Bacillus fusiformis;
B. pumilus; Brevibacillus brevis; Burkholderia kururiensis; Curtobacterium
flaccumfaciens; Dyella koreensis; E. persicina; Lysinibacillus sphaericus;
Leifsonia xyli; Luteibacter rhizovicinus; Microbacterium phyllosphaerae;
Microbacterium oxydans, Nocardia terpenica; P. fluorescens; P. veronii,
Psychrobacter spp.; R. aquatilis; R. tropici; Rhizobium tropici; Rhodano-
bacter thiooxydans; S. maltophilia; and Variovorax paradoxus. It is possible
to highlight that within this group of species, some successfully have
been reported to be important plant-associated organisms. For instance,
some genera can be involved in host plant protection against pathogens,
such as Pseudomonas, which has been largely used in phytopathogenic
fungi biological control, including against Rhizoctonia solani (Nagar-
ajkumar et al., 2004), Botrytis mali (Mikani et al., 2008), and Micro-
dochium nivale (Amein et al., 2008). The genus Rhanella also has been
described as associated with fungi biological control of species,
including Penicillium expansum, Botrytis cinerea (Calvo et al., 2007), and
Fusarium oxysporum (Hassni et al., 2007).

It is also interesting that most of these genera also have been
described as exhibiting beneficial host-associated characteristics and
biotechnologically interesting capabilities. For instance, Bacillus and
Stenotrophomonas produce indole-3-acetic acid (IAA) (Park et al., 2005),
Stenotrophomonas contains biodegradators (Qureshi et al., 2007), and
Arthrobacter, Bacillus, and Microbacterium act as plant growth promoters
(Karlidag et al., 2007; Tsavkelova et al., 2007; Paz et al., 2012), and
Bacillus is a well-known biological control agent (Ryu et al., 2006;
Senthilkumar et al., 2007). These occurrences of bacterial species with
different beneficial characteristics can be related to the survival of plants
under high pathogen infestation levels.

An interesting feature observed was that of the 18 endophytic bac-
terial species found, five were also present on rhizoplanes (Tables 3 and
6). This suggests that a possible interwoven system of interactions is
occurring in such systems. In addition, since not all species matched
each other in both ‘niches’, it can be assumed that not all bacteria spe-
cies exhibit such a capability to successfully occupy and thrive in both
‘niches’. Another important feature is that the species B. pumilus and
E. persicina were only observed as endophytes, suggesting a fast transient
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state from soil to endophytic colonization occurs, in addition to their
capacity to be transmitted internally by seeds (Ferreira et al., 2008).

To a large extent, plant-associated microbiota are sensitive to envi-
ronmental alterations, mainly because these communities are present
during the entire plant development cycle and respond directly to the
biotic and abiotic variations (Moreira and Siqueira, 2006). In this sense,
shifts in the occurrence and distribution of root-assembled microbial
communities have been reported to differ during yearly stages of plant
development (Andreote et al., 2004, 2006) and due to the presence of
phytopathogens (Aratjo et al., 2002). In this study, we report that
P. veronii (W) and R. aquatilis (R) were observed exclusively on the
rhizoplanes of non-infected roots by C. fimbriata (Table 2), which
possibly could be associated with plant protection. Hence, R. aquatilis
(R) was also isolated only as an endophyte in the NCF treatment (healthy
plants). In the present study, we assessed and demonstrated that
R. aquatilis was capable of controlling C. fimbriata in vitro, corroborating
findings from other authors who have shown that these bacterial species
act as efficient bio-control agents against fungi (Calvo et al., 2007;
Mikani et al., 2008). In the case of eucalyptus and its interaction with
C. fimbriata, R. aquatilis appears to have a strong connection with root
plant protection.

We also observed that in the second treatment, in which plants were
protected from colonization by microorganisms, there was the occur-
rence of three specific species: B. cereus, L. sphaericus, and R. tropici. Also,
in the second treatment, plants exhibited a larger abundance of species
in their tissues. According to Sturz et al. (1999), the microorganisms are
able to form barriers on root surfaces, reducing possibility of phyto-
pathogen infection. In this study, we suggest that P. veronii and
R. aquatilis are strongly correlated with the biological control of
C. fimbriata, protecting the rhizoplanes and endospheres of the euca-
lyptus plants. However, the plant-bacteria phytopathogen interactions
should be better studied to confirm these antagonistic interactions.

Analysis of total community structure showed that C. fimbriata pre-
sent in eucalyptus roots can interfere with the structures of both the
rhizoplane and endosphere communities. In the rhizoplane samples,
differences in bacterial diversity between roots infected or not infected
by C. fimbriata were observed. It is likely that during initial stages of
plant infection, the plant defense system is activated and able to alter the
bacterial community of the rhizoplane (i.e., secreting antagonistic
chemical compounds). However, when the plant is completely colonized
by C. fimbriata, the rhizoplane environment behaves like that of a
healthy plant (i.e., without activation of the host defense system). Other
studies have shown effects of root-secreted compounds on bacterial
community selection. Pseudomonas communities of many plant species
are modulated by root-secreted compounds (Costa et al., 2006). By
assessing infection effects on bacterial communities, it is possible to
show differences among the highly affected plants compared to others
when the plant system defense activation is unable to interfere with
these communities because these communities already naturally colo-
nize internal host plant tissues.

The endophytic microorganisms are also able to deceive the plant
host defense systems to effectively colonize their internal tissues. In
similar fashion, our analysis showed no distinction between root com-
munities present in healthy plants or those subjected to medium infes-
tation levels by C. fimbriata.

When a plant is highly infected, the community is directly affected,
perhaps because some bacteria are able to colonize host plants only in
compromising conditions, like during infection by C. fimbriata. Similar
results were observed by Aratijo et al. (2002), where the endophytic
bacterial communities of citrus plants infected by Xylella fastidiosa were
significantly different than those of healthy plants. In another case,
Aratijo et al. (2001) observed that Guignardia citricarpa exhibits a syn-
ergistic effect with the endophytic citrus bacterium Pantoea agglomerans
and an antagonistic one with B. pumilus. The present work showed that
interaction between C. fimbriata and the bacterial communities of the
rhizoplane and endosphere in eucalyptus roots can occur, suggesting
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that the presence of R. aquatilis could be associated with protection
against C. fimbriata attack. Furthermore, it was observed that
C. fimbriata penetration in the host plant was associated with changes in
the root endophytic community, which can directly or indirectly benefit
the pathogenic process.

In this context, the present study confirmed our first hypothesis,
revealing that different levels of C. fimbriata infection modulate the
endophytic and rhizoplane bacterial communities of eucalyptus. Addi-
tionally, the second hypothesis was also confirmed, demonstrating that
specific bacteria, like R. aquatilis, associated with eucalyptus roots can
act as a natural barrier against C. fimbriata. Future research should
prioritize the identification of antagonistic bacterial species against
C. fimbriata capable of inducing systemic resistance in host plants.
Furthermore, a deeper understanding of the interaction mechanisms is
needed for practical application.
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