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Summary. In this work we analyzed the composition and structure of cultivable bacterial communities isolated from the
stem/leaf and root compartments of two medicinal plants, Echinacea purpurea (L.) Moench and Echinacea angustifolia (DC.)
Hell, grown in the same soil, as well as the bacterial community from their rhizospheric soils. Molecular PCR-based techniques
were applied to cultivable bacteria isolated from the three compartments of the two plants. The results showed that the two
plants and their respective compartments were characterized by different communities, indicating a low degree of strain sharing
and a strong selective pressure within plant tissues. Pseudomonas was the most highly represented genus, together with Actino-
bacteria and Bacillus spp. The presence of distinct bacterial communities in different plant species and among compartments
of the same plant species could account for the differences in the medicinal properties of the two plants. [Int Microbiol 2014;
17(3):165-174]
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USA to treat the common cold and respiratory infections [1-3,
69]. The alkylamide, alkaloid, and polyacetylene fractions are

Introduction

Herbal medicine has become a popular approach to the pre-  considered to have immune-modulatory and anti-inflammato-

vention and treatment of several diseases. Species of the ge-
nus Echinacea are among the most commonly used medicinal
plants. Echinacea purpurea (L.) Moench, and Echinacea an-
gustifolia (DC.) Hell, are currently used in Europe and the

‘Corresponding author: R. Fani

Laboratory of Microbial and Molecular Evolution. Department of Biology
University of Florence

Via Madonna del Piano 6,

1-50019 Sesto Fiorentino

Florence, Italy

Tel. +39-0554574742

E-mail: renato.fani@unifi.it, renato.fani@virgilio.it

ry effects [13,43]. The various bioactivities have been traced
to the multiple components rather than to the multiple effects
of individual chemical compounds present in Echinacea ex-
tracts [23]. The chemical diversity of such compounds has
made it difficult to determine whether Echinacea extracts are
genuinely medicinally effective and the benefits of these
products are controversial [35,39]. However, several studies
indicate that Echinacea indeed has antiviral, antioxidant, and
anti-inflammatory properties, making it a very promising me-
dicinal botanical species [9,29,61].

The chemical composition of the compounds from me-
dicinal plants varies widely depending on the geographic
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provenance of the plant, the botanical species, its genetics and
its biotic factors, as well as the specific anatomic part of the
plant (e.g., seed, flower, root, leaf), the extraction techniques,
etc. [18]. In addition, it is not known whether the compounds
of interest in the Echinacea extracts are synthesized solely by
the plant or by the microbial endophytes inhabiting the plant
and producing bioactive compounds [7]. Advances in studies
of the curative properties of medicinal plants have sparked
interest in discovering the characteristics of their bacterial
communities, in order to clarify whether the curative proper-
ties of a medicinal plant are directly or indirectly related to the
presence of certain endophytic bacteria [45]. Endophytes are
defined as “microorganisms that live for at least part of their
life inside the internal tissues of a plant without causing any
disease in the host” [68]. They are largely studied for their
ability to produce a wide range of natural products, with phar-
maceutical, agrochemical, and biotechnological properties of
interest [17,27,59,70]. Endophytes are present in most plant
species [42,59], both terrestrial and aquatic [6,63,64]. Their
beneficial effects on their hosts include growth promotion
through interactions in nitrogen metabolism [48] or phospho-
rus solubilization [57] and siderophore production [16]. The
growth-promoting effects of endophytes include the induction
of phytohormone biosynthesis, in particular that of indole-
3-acetic acid [62], and of 1-aminocyclopropane-1-carboxylate
deaminase activity [22]. Endophytes control plant pathogens
through the production of antimicrobial compounds [49,65]
and act as elicitors of systemic resistance in plants [36].

The colonization mechanisms, ecology, function, and
plant interactions of endophytes have been widely investigat-
ed [12,27,44,46]. These studies have shown that the bacterial
endophytes of plants derive from different sources, such as
the spermosphere, anthosphere, caulosphere, and phyllo-
sphere [25,27,58,59]. However, most endophytic bacteria are
soil-derived [12], as hypothesized by Galippe already in 1887
[20,21]. Endophytes enter plant tissues through cracks in the
roots or aerial parts [37] or through rhizosphere soil coloniza-
tion and become distributed within the whole plant tissues
through its vascular system [5]. Thus, endophytes can be de-
tected in roots, stems, and leaves, inside plant reproductive
organs and the apoplastic space and, in some cases, also in
intracellular spaces (as is the case in symbiotic rhizobial spe-
cies) [12,56,58].

The root compartment of Echinacea was shown to contain
the highest levels of bioactive molecules [67]. The aim of this
study was to determine the endophytic and rhizospheric bac-
terial biodiversity of two medicinal plants, E. purpurea and
E. angustifolia, in order to evaluate their core and accessory

cultivable microbiomes in relation to the roots and aerial parts
of these plants. To the best of our knowledge, this work is the
first to describe the diversity of the culturable endophytic and
rhizospheric bacterial community of medicinal plants.

Materials and methods

Rhizospheric soil chemical variables. The main chemical-physi-
cal variables of the soil were: pH (H,0) 8.4; total organic carbon, (TOC)
1.6%; N (g/kg); 1.50; C/N, 10.97; CaCO,; total, 18.70%; cation exchange ca-
pacity (CEC, cmol[+]/kg), 9.74.

Plant material and soil properties. Five E. purpurea and five E.
angustifolia plants were cultivated in the same square basin (160 cm length x
75 cm height), located in an open field of the botanical garden “Giardino
delle Erbe”, Casola Valsenio, Ravenna, Italy, and collected in October 2012.
The basin was filled with the same soil as that sampled. The soil was air-dried
at room temperature (21°C), sieved through a 2-mm mesh, and then analyzed
for pH, cation-exchange capacity, total CaCO,, TOC, and total N.

Isolation of bacterial strains and preparation of cell lysates
for DNA amplification. Collected plants were immediately taken to the
laboratory. The anatomical part of the plants, i.e., the roots and stems/leaves,
were separated and considered as independent samples throughout the experi-
ment. Roots from the five individual plants of each Echinacea species were
grouped and pooled, as were the stems/leaves. Two grams of fresh tissue from
each pool was surface-sterilized with 1% HCIO solution in sterile 50-ml Fal-
con tubes at room temperature and then washed three times with sterile water
to remove the epiphytic bacteria. Aliquots (100 pl) of the last wash were plated
in triplicate as sterility controls, which by the end of the experiment had not
become contaminated (data not shown). Subsequently, the samples were ho-
mogeneously pottered in a sterile mortar with the addition of 2 ml of 0.9%
NaCl (Sigma Aldrich, USA). One hundred pl samples of tissue extracts and
their different dilutions were plated in triplicate.

Rhizospheric soil (RS) from five plants of each plant species was also
analyzed and treated separately at room temperature for 1 h with 20 ml of 10
mM Mg,SO, in 50-ml sterile Falcon tubes, which allowed detachment of the
bacteria from soil particles. After sedimentation, 100-ul samples of the super-
natant and different dilutions thereof were plated in triplicate.

Endophytic and rhizospheric bacteria were grown on solid tryptone soya
broth (TSB) medium (Biorad, CA, USA) at 30°C for 48 h. The total number
of aerobic heterotrophic fast-growing bacteria was expressed as colony-form-
ing units (CFU), which were determined for each sample in triplicate based
on an average value of the bacterial titer. From each sample, about 100 colo-
nies were randomly selected and individually plated onto solid TSB Petri
dishes.

A collection of 514 bacterial isolates was prepared for both Echinacea
sp. plant species by dissolving the freshly isolated and plated colonies in 2-ml
deep-well plates with 500 pl of TSB and 500 pl of 50% glycerol (25% final
concentration). The plates were stored at —80°C.

Random amplified polymorphic DNA (RAPD) analysis. Cell
lysates of endophytic and rhizospheric bacterial isolates were prepared by
processing 100 pl of each glycerol suspension with thermal lysis (95°C for 10
min), followed by cooling on ice for 5 min.

Random amplification of DNA fragments [65] was carried out in a 25-ul
total volume composed of 1x reaction buffer, 300 pM MgCl,, deoxynucleo-
side triphosphate (200 uM each), 0.5 U of PolyTaq DNA polymerase (all re-
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agents were from Polymed, Florence, Italy), 500 ng of primer 1253 [5'-GTT
TCCGCCC-3"] [46], and 2 pl of cell lysate prepared as described above. The
reaction mixtures were incubated in a PTC-100 Peltier thermal cycler (MJ
Research, Quebec, Canada) at 90°C for 1 min, and 95°C for 90 s followed by
45 cycles at 95°C for 30 s, 36°C for 1 min, and 75°C for 2 min. Finally, the
reaction mixtures were incubated at 75°C for 10 min, 60°C for 10 min, and
5°C for 10 min. Reaction products were analyzed by agarose (2% w/v) gel
electrophoresis in Tris-acetate EDTA buffer (TAE) containing 0.5 pg ethid-
ium bromide/ml.

Analysis of RAPD profiles. The genetic similarities in the different
samples belonging to the same haplotype group were determined based on
the fingerprinting pattern of each RAPD product and pairwise comparisons of
the presence/absence of bands using the GelCompar II software (Applied
Maths). For each recognized RAPD haplotype, a 16S rRNA gene sequence
was obtained via PCR amplification (as described below) for taxonomic at-
tribution of the bacterial isolates. For haplotypes represented by more than
one strain, a single bacterial strain was randomly chosen for gene amplifica-
tion.

PCR amplification and sequencing of 16S rRNA coding
genes. PCR amplification of 16S rRNA genes was carried out in 20-pl reac-
tions containing 1x reaction buffer, 150 uM MgCl,, deoxynucleoside triphos-
phate (250 uM each), 2 U of PolyTaq DNA polymerase (all reagents were
from Polymedaly), 0.6 uM of each primer [PO 5'-GAGAGTTTGATCCTG-
GCTCAG and P6 5-CTACGGCTACCTTGTTACGA] [22], and 2 pul of each
cell lysate. The samples were incubated in a PTC-100 Peltier thermal cycler
(MJ Research) under the following conditions: primary 90-s denaturation at
95°C, 30 cycles of 30 s at 95°C, 30 s at 50°C, and 1 min at 72°C, followed by
a final extension of 10 min at 72°C. Amplicons were then excised from 0.6%
agarose gels and purified using the MinElute gel extraction kit (Qiagen) ac-
cording to the manufacturer’s instructions. Direct sequencing of the amplified
16S rRNA genes was performed with primer PO [5'-GAGAGTTTGATCCTG-
GCTCAG] using an ABI PRISM 310 genetic analyzer (Applied Biosystems)
and the chemical dye terminator [59]. Each 16S rRNA gene sequence was
submitted to GenBank and assigned an accession number from AJ642225 to
AJ642604.

Analysis of 16S rRNA gene sequences. The 16S rRNA gene se-
quences were analyzed using the “classifier” tool of the Ribosomal Database
Project -RDP [10] for taxonomic assignment. All sequences showed a degree
of similarity >80% with the sequences available in the RDP database (at ge-
nus level) and were therefore considered of good quality. Diversity indices
were calculated for both plant species and for each compartment using data
on the genus-level taxonomic attribution of the RDP database. Abundance
data were first normalized by calculating the percentage of each bacterial
genus present in the three compartments of the two plant species. Diversity
indices were calculated using PAST software version 3.0 [25]. The number of
taxa for each plant compartment (S) was calculated together with the Simp-
son’s diversity index (D), Shannon’s diversity index (H), and evenness
(e"H/S).

Results

Bacterial counts. Bacteria were extracted from the rhi-
zospheric soil (RS), roots (R), and stems/leaves (S/L), diluted
in saline (0.9% NacCl), and plated as described in Materials
and methods. The lowest CFU/g values were detected in the

stem/leaves compartments of both plant species (4.80 x 10°+
2.5 x 10° CFU/gin E. purpurea and 3.43 x 10°+ 2.1 x 10
CFU/gin E. angustifolia); the highest bacterial titers were in
the root compartment of E. angustifolia (1.34 x 10° + 9.7 x
10°CFU/g) and the RS compartment of E. purpurea (9.6 x 10°
+ 6.4 x 10%). Overall, the numbers of CFU/g isolated from the
same compartment of the different plants were very similar.

RAPD fingerprinting. To determine the degree of ge-
netic variability at the strain level and to analyze the structure
of the isolated bacterial communities, 262 isolates were col-
lected from E. angustifolia (83 from S/L, 88 from R, and 91
from RS) and 252 from E. purpurea (81, 89, and 82, respec-
tively). Each of the 514 bacterial isolates was subjected to
RAPD fingerprinting as follows: DNA from the lysed cell
suspensions was amplified with the 10-mer oligonucleotide
1253 as described in Materials and methods. RAPD ampli-
cons were then analyzed by agarose gel electrophoresis. Each
RAPD profile (hereinafter referred to as haplotype) was then
compared with all of the others as described in Materials and
methods. Thus, from the 514 bacterial isolates 380 different
RAPD haplotypes were identified, corresponding to at least
380 bacterial strains. Specifically, the 252 and 262 bacterial
isolates from E. purpurea and E. angustifolia yielded 201 and
203 haplotypes, respectively. Among the 514 bacterial strains,
316 (61.5%) had a unique haplotype. Thirty-three haplotypes
were composed of two strains each (8.7% of all haplotypes);
16 haplotypes (4.2%) were composed of 3 strains; 12 haplo-
types (3.1%) were composed of 4—6 strains. Haplotype 1
comprised 7 different bacterial isolates; haplotype 66, 8 dif-
ferent bacterial isolates; and haplotype 2, 12 different bacte-
rial isolates from both Echinacea species.

In E. purpurea, the RS compartment had the highest num-
ber of RAPD haplotypes (80 haplotypes out of 82 bacterial
isolates), whereas the root compartment harbored 59 total dif-
ferent haplotypes, and the S/L compartment, 70 haplotypes.
Similarly, the highest number of different haplotypes (84) iso-
lated from E. angustifolia was detected in the RS compart-
ment, whereas the S/L and R compartments yielded 62 and 67
different RAPD haplotypes, respectively.

The distribution of the RAPD haplotypes within the dif-
ferent compartments of the same plant species is shown in
Fig. 1. Notably, no strain was shared among the three com-
partments in either E. purpurea or E. angustifolia, and a very
low number of strains was shared between two different com-
partments. In E. purpurea, three haplotypes were shared be-
tween R and RS, four between S/L and RS, and two between
S/L and R. In E. angustifolia eight, two and zero haplotypes
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Fig. 1. Schematic representation of the core, accessory, and unique RAPD
haplotypes detected in Echinacea purpurea and E. angustifolia rhizospheric
soil (RS), roots (R) and stem/leaves (S/L).

were shared between R and RS, S/L and RS, and S/L and R,
respectively. An analysis of the distribution of RAPD in the
two Echinacea plant species showed that they shared only 23
haplotypes (about 6%; data not shown). The number of haplo-
types common to the two plant species and the different com-
partments ranged from one (a single haplotype shared by E.
purpurea RS and E. angustifolia RS, and by E. purpurea R
and E. angustifolia RS) to six (shared by E. purpurea RS and
E. angustifolia R compartments).

Analysis of 16S rRNA gene sequences. By as-
suming that bacterial isolates sharing the same RAPD profile
corresponded to the same (or a closely related) strain, the
composition of the six bacterial communities was assessed by
analyzing the 16S rRNA gene sequence from a representative
of each RAPD group. Thus, 16S rRNA genes were amplified
from the 380 strains. An amplicon of the expected size was
obtained from each one (not shown). The nucleotide sequences
of these 380 amplicons were determined and compared with
those available in databases. The entire dataset is summarized
in Fig. 2. The analysis revealed that: (i) the 380 strains were
affiliated with 29 different bacterial genera; (ii) the majority
(47.4% of RAPD haplotypes) of the 16S rRNA gene sequences
were affiliated with the genus Pseudomonas; (iii) Staphylo-
coccus was the second most highly represented genus (9.5%
of RAPD haplotypes); (iv) Microbacterium spp. and Curto-
bacterium spp. accounted for 6.1% and 6.3%, respectively,
and Arthrobacter sp. for 4.2% of the strains; (v) 11 bacterial
genera accounted for 1.3-2.6% of the strains; and (vi) the re-
maining 13 genera represented <1%.

Comparison of the bacterial cultivable com-
munities inhabiting Echinacea purpurea and
E. angustifolia. The bacterial communities inhabiting the
two plant species were then compared to determine the degree
of sharing at the genus level (Fig. 3). The analysis revealed
that the two plants shared 14 genera (including all the most
represented ones). Again, Pseudomonas was the most highly
represented genus in both plant species, with no considerable
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Fig. 2. Abundance of the different bacterial genera in all haplotype detected with RAPD analysis of both Echinacea purpurea and E. angustifolia.
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Fig. 3. Distribution of the different bacterial genera in the two medicinal plants analyzed in this study.

differences in their abundances (51.5% in E. angustifolia and
48% in E. purpurea). There was a large difference in abun-
dances of Curtobacterium spp.: 0.8% in E. purpurea and
11.8% in E. angustifolia. Similarly, Pantoea spp. accounted
for 0.4% of the genera in E. purpurea and 4.2% of those in
E. angustifolia. By contrast, Arthrobacter spp. was much
more abundant in E. purpurea than in E. angustifolia (6% vs.
0.8%), as were Flavobacterium spp. (2.8% vs. 0.8%) and
Methylobacterium spp. (2.8% vs. 0.4%). E. purpurea hosted a
larger number of bacterial genera than E. angustifolia (23 vs.
16), such that some bacterial genera were found only in
E. purpurea, albeit at low percentages: Agrococcus spp., Rhi-
zobium spp. and Stenotrophomonas spp. (0.8%), Cupriavidus
spp., Shinella spp., and Xanthomonas spp. (0.4%), Frigori-
bacterium spp. (2.8%), Rhodobacter spp. (3.2%), and Sphin-
gomonas spp. (4.0%). Kocuria spp. (0.4%) and Acinetobacter
spp. (0.8%) were found only in E. angustifolia.

Comparison of the bacterial communities in-
habiting different plant compartments. Figure 4
shows the composition of the bacterial communities isolated
from the different compartments of the two Echinacea plant
species. The diversity indices are shown in Table 1.

The composition of the cultivable bacterial community in-
habiting the S/L compartment of both plants was highly dif-
ferent from that in the other two compartments (RS and R),
which were much more similar to each other. The genus Pseu-
domonas was less represented in the S/L compartment than in
the R and RS compartments, whereas a high percentage of
bacteria associated with the genus Staphylococcus were de-
tected in the S/L compartment of both plant species (25.9% in
E. purpurea and 38.6% in E. angustifolia), thus underlining
the differences in bacterial composition of this compartment
compared with the other two. Differences were also evident
concerning the genera Bacillus and Curtobacterium, which

Table 1. Diversity indices calculated from the percentages of the presence of the different bacterial genera in each

plant compartment for both plant species

Ep S/L EpR Ep RS Ea S/L EaR Ea RS
Taxa_S 12 6 16 8 7 9
Simpson_D 0.8584 0.4574 0.7 0.6972 0.473 0.4448
Shannon H 2.174 0.9625 1.785 1.405 1 1.063
Evenness_e"H/S 0.7329 0.4364 0.3724 0.5096 0.3885 0.3216

Ep: Echinacea purpurea; Ea: Echinacea angustifolia; S/L: stem/leaf compartment; R: root compartment; RS:
rhizospheric soil compartment.
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Fig. 4. Relative abundances (expressed as percentages) of cultivable bacterial taxa isolated from rhizospheric soil
(RS), roots (R), and stem/leaves (S/L) of Echinacea purpurea and E. angustifolia.

were not detected in the root compartment of either of the two
plant species; Agrobacterium, which was not identified in the
S/L compartment of the two Echinacea species; Rhein-
heimera, which was present only in the rhizosphere of both
plants; and Achromobacter, which was present only in the
roots of the two plants.

The differences among the culturable bacterial communi-
ties were also highlighted by the diversity indices (Table 1).
Overall, E. purpurea compartments were characterized by a
higher number of bacterial taxa (genera) than E. angustifolia.
The highest number of taxa were found in the rhizosphere of
E. purpurea (16), followed by the stems/leaves of this species.

The lowest number of taxa occupied the roots of both plant
species, with just seven different bacterial genera in E. angus-
tifolia and six in E. purpurea.

In E. purpurea, the Simpson diversity index was the high-
est (0.85) in the S/L compartment, and the lowest in the R
compartment (0.46). Analogously, in E. angustifolia, the
Simpson index was the highest (0.69) in the S/L, and the low-
est (0.47) in the R compartment. The same was true for the
Shannon diversity and evenness indices in both plant species.

Considering the same compartment in the two species, the
Simpson index values in the root compartments of E. purpurea
and E. angustifolia were similar (0.46 and 0.47, respectively), as
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was the Shannon index (0.96 and 1, respectively). In the RS
compartment of E. purpurea, Simpson’s and Shannon’s diver-
sity indices were higher than in the RS compartment of E.
angustifolia, but the evenness values were very similar (0.37
and 0.32, respectively).

Discussion

To the best of our knowledge, this is the first report in which
the endophytic and rhizospheric cultivable bacterial commu-
nities were enumerated and described in the medicinal plant
Echinacea spp. in an open field trial. In the only other avail-
able report in which Echinacea sp. endophytes were charac-
terized, the plants were propagated in vitro for 9 months [41].
In a recent study, Pugh et al. [S1] enumerated the total bacte-
rial endophytes in E. purpurea roots and aerial samples in a
molecular approach that used a PCR-based quantification
method. Their study was aimed at determining whether differ-
ences in bacterial load correlated with the in vitro macrophage
activity of the plant material.

In this work, bacterial endophytes were isolated from the
S/L and R compartments of E. purpurea and E. angustifolia,
as well as from their RS. We are aware that the approach used
in this work has several limitations related to the experimental
conditions, which selected for bacteria able to grow on TSB/
TSA within 48 h of incubation at 30°C; however, this bias was
negligible considering the aim of this preliminary study ex-
ploring the differences within and between the culturable mi-
crobial communities inhabiting two plants and their compart-
ments. The effect of different growth conditions should be
evaluated in additional experiments aimed at obtaining slow-
growing bacteria and/or bacteria able to grow in different me-
dia or at different temperatures.

The yield of culturable heterotrophic fast-growing bacte-
ria in both plant species ranged from 10° CFU/g in the S/L
compartments to 10°-~10° CFU/g in the R and RS compart-
ments; these values are in agreement with those in previously
published studies showing greater abundances of plant-associ-
ated bacterial populations in R than in S/L [37,40]. The very
low CFU/g values detected in the S/L compartment in both
plant species is also in agreement with the findings of previ-
ous studies [51]. The RAPD data suggested a non-clonal
structure and a very high degree of genetic variability at the
strain level of the endophytic and rhizospheric bacterial com-
munities from both Echinacea spp. There was also a low level
of strain sharing in the different compartments of the same
plant and between the same compartment of the two different

plants. For example, just five strains were shared by the S/L
compartments of the two plants and only four haplotypes
were shared between their R compartments.

This finding raises the intriguing question of the nature of
the (internal?) plant forces driving the selection of different
bacterial endophytic strains in the diverse compartments of
the same plant, both for E. purpurea and for E. angustifolia.
One explanation may be related to the finding that plants have
an innate immune system, with receptors that detect the pres-
ence of molecules both inside and on the surface of host cells
[34]. Indeed, the selection of bacteria at the rhizospheric level
(the rhizosphere effect) is well documented and was shown to
be related to plant exudates released in the soil surrounding
the roots, which results in the selection of a bacterial biota that
is different from the one recovered in bulk soil (for a review
see [8]).

Most of the bacterial genera identified through 16S rRNA
gene amplification in Echinacea sp. have been detected in
other plant species. Ikeda et al. [33] characterized 217 endo-
phytic isolates from the roots of maize; the most highly repre-
sented bacterial genera were Pantoea and Bacillus. In the
study of Gagne-Bourgue et al. [19], the endophytic compo-
nents of the aerial parts of the switchgrass (Panicum virgatum
L.) were analyzed; the most highly represented bacterial gen-
era were Microbacterium, Curtobacterium, Bacillus, Pseudo-
monas, Pantoea, Sphingomonas, and Serratia. As seen in the
diversity indices shown in Table 1, the higher numbers of bac-
terial genera in the S/L and RS compartments of E. purpurea
than E. angustifolia suggests a higher microbial diversity
level in the former. By contrast, there were no significant dif-
ferences in the root compartments.

As expected, some genera present in the RS compartment
were also detected within plant tissues, since most bacterial
endophytes are presumably derived from soil. Note that the
genera Arthrobacter, Staphylococcus, and Methylobacterium
were detected in the RS and in the S/L compartments of E.
purpurea but not in its R compartments, whereas the genus
Stenotrophomonas was detected in the RS and R compart-
ments. Analogously, in the two plant species the genera Curto-
bacterium and Bacillus were detected in the RS and S/L com-
partments, and the genus Agrobacterium in the RS and R com-
partments. The genus Microbacterium was present in all E. purpurea
compartments and in the RS and R compartments of E. angustifolia.
The distributions of these genera suggest that different endo-
phytic bacterial species are selected not only at the RS level
but also within plant tissues, thus indicating selection at the
rhizospheric level and, once the bacteria reach plant tissues
from the RS, their stabilization as endophytes.
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In the two plant species, the highest values of D, H, and
evenness were those of the S/L compartments. This finding,
together with the observation that these same compartments
had the lowest bacterial titers, led us to hypothesize that, al-
though there were fewer endophytes in the S/ compartments
than in the other two plant compartments, they were much
more diversified and each taxon (in this case, genus) was rep-
resented more or less by an equal number of individuals, as
indicated by the evenness values. By contrast, in the roots of
both plants, the low evenness values together with the bacte-
rial counts revealed higher bacterial abundances in the roots
(4.6 x 10°£2.8 x 10*in E. purpurea and 1.3 x 106+ 9.6 x 10°
in E. angustifolia) than in the stem/leaves (4.5 x 10° £2.5 x 10°
in E. purpurea and 3.4 x10° £ 2.1 x 10° in E. angustifolia),
consistent with the presence of only a few dominant bacterial
taxa.

These differences in bacterial numbers and distribution
between roots and stem/leaves of Echinacea spp. could be re-
lated to the different environmental and nutritional conditions
to which the roots and the aerial parts are exposed and/or to
anatomical and phytochemical features that, in turn, create
specific ecological niches for endophytes. The aerial parts of
plants are exposed to fluctuations in temperature, humidity,
and UV irradiation and to a different trophism/physiology
than roots [29]. Endophytic bacteria are likely selected on the
basis of their adaptation strategies and tolerance of the differ-
ent conditions in the various plant compartments, as reported
for several plant species (e.g., [4,13,32,50]). Our analysis of
the bacterial genera in the stems/leaves of Echinacea sp.,
showed Sphingomonas sp. in E. purpurea (12.3%) and Meth-
ylobacterium in E. purpurea and E. angustifolia (7.4% and
1.2%, respectively). Delmotte et al. [15] identified microbial
proteins that appear to reflect differential adaptation strategies
to the leaf environment of two abundant colonizers belonging
to these two genera. This finding is in agreement with the data
obtained in our study and could explain the presence of Sphin-
gomonas and Methylobacterium in Echinacea sp., as endo-
phytes adapted to this environment.

Among the compartements of Echinacea, the root com-
partment is richest in bioactive molecules responsible for the
medicinal properties of these plants [67]. The potential of en-
dophytes from medicinal plants to produce anticancer, anti-
bacterial, and antifungal compounds was recently demon-
strated [45]. Similarly, a few dominant bacterial genera inhab-
iting Echinacea sp. roots might be candidates for the synthe-
sis of bioactive compounds and/or used to drive plant metabo-
lism to synthesize these compounds. The dataset obtained
with RAPD fingerprinting highlights a very low degree of

sharing between the two plant species and, especially, be-
tween the two rhizospheric soils. Although, as discussed
above, different plants select for different rhizospheric micro-
bial communities [38], this result was unexpected given that
the two plant species were grown in the same soil, that is,
having the same chemical-physical characteristics, and within
a few centimeters of each other. This suggests a high specific
interaction between the plant roots and the microbial commu-
nities residing in soil.

Many rhizospheric bacteria switch from root-surface to
endophytic lifestyles [12,58], including species of Bacillus
and Pseudomonas. The structures and functions of their lipo-
peptides of these two genera were recently reviewed [54,55].
Lipopeptides are used by rhizosphere bacteria in antibiotic
production and the induction of plant defense mechanisms.
Thus, the dominance of Pseudomonas in the rhizospheres and
roots of the two medicinal plants considered in this study
could be related to the production by the plants of metabolites
having medicinal properties, either directly, as already de-
scribed for other species [10], or indirectly, through potential
plant-growth-promoting properties [30].

In the present study, bacteria belonging to the phylum Ac-
tinobacteria (genera Microbacterium, Frigoribacterium, Cur-
tobacterium, Arthrobacter, Agrococcus and Kocuria) ac-
counted for 18.4% of the total endophytes in E. purpurea and
24.1% of those in E. angustifolia, which in both cases is a
significant portion of the whole bacterial component. Endo-
phytes belonging to Actinobacteria have been widely studied
for their production of secondary metabolites [51,52], which
were shown to include those with diverse biological activities,
such as antibiotics, antitumor and anti-infection compounds,
plant growth promoters, and enzymes [28,52]. This suggests
that Actinobacteria together with Pseudomonas and Bacillus
would be in large part responsible for the production of the
compounds that account for the characteristics of the medici-
nal plant Echinacea spp. However, additional work should be
carried out in order to specifically confirm such a hypothesis.

In summary, in this work, we analyzed the structure and
composition of cultivable bacterial communities isolated
from the stem/leaves, roots, and rhizospheric soils of two spe-
cies of medicinal plants, E. purpurea and E. angustifolia, us-
ing a combination of PCR-based techniques. The results re-
vealed differences in the microbial communities inhabiting
the two plants, despite their growth in the same soil. In addi-
tion, different bacterial communities inhabited the different
plant compartments. These findings together with the very
low degree of strain sharing, raise intriguing question regard-
ing the existence of a (strong) selective pressure that deter-
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mines bacterial composition at the strain level, rather than at a
higher taxonomic rank (genus). Although yet to be confirmed

experimentally, bacterial endophytes would seem to elicit the
synthesis of some if not all of the bioactive molecules pro-
duced by the plant, perhaps synthesizing some of these com-
pounds themselves.
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