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endophytes isolated from the roots, leaves
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Abstract

Background: Echinacea-endophyte interaction might affect plant secondary metabolites content and influence

bacterial colonization specificity and plant growth, but the underlying mechanisms need deepening. An in vitro

model, in which E. purpurea axenic plants as host species and E. angustifolia and Nicotiana tabacum as non-host

species inoculated with single endophytes isolated from stem/leaf, root and rhizospheric soil, were used to

investigate bacterial colonization.

Results: Colonization analysis showed that bacteria tended to reach tissues from which they were originally

isolated (tissue-specificity) in host plants but not in non-host ones (species-specificity). Primary root elongation

inhibition as well as the promotion of the growth of E. purpurea and E. angustifolia plants were observed and

related to endophyte-produced indole-3-Acetic Acid. Bacteria-secreted substances affected plant physiology

probably interacting with plant regulators. Plant metabolites played an important role in controlling the endophyte

growth.

Conclusions: The proposed in vitro infection model could be, generally used to identify novel bioactive

compounds and/or to select specific endophytes contributing to the host metabolism properties.

Keywords: Plant-biotic interactions, Echinacea purpurea, Endophyte, In vitro model, Growth promotion, Tissue

specificity

Background

Plant microbe interplay is regulated by a plethora of

signaling factors of different molecular nature (reviewed

in [1, 2]). Plants can evolve with microbe communities

by the perception of microbe secreted effector proteins

that manipulate plant responses establishing pathogenic

or beneficial symbiotic interactions [3–5].

Moreover, plant-associated endophytic bacteria colonize

plants without apparently eliciting defense responses or

injuring the plant. In some cases, endophytes induce a

valuable promotion of plant growth [6–9], confer resist-

ance to environmental stresses [10, 11] or contribute to

ameliorate plant physical-chemical properties [12–16].

Plant-bacteria beneficial interactions are initiated by

the chemotaxis of motile soil bacteria colonizing plant

root surfaces [17]. Positive chemotaxis of Rhizobium

spp. and other bacteria has been reported towards root

and seed exudates, rich in various amino acids, sugars

and phenolics, from legumes and other plants [18].

Then, endophytic colonization needs to overcome

plant defense responses [19] and adapts itself to plant

metabolism [20]. However, little is known about bacterial

metabolic adaptation to the plant environment. Even

though several genomics and proteomics studies have

identified genes and proteins differentially regulated in
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the presence of plant root exudates, working as a switch

to the endophytic remodeling [21–25], the identification

of precise candidate molecules regulating plant- endo-

phyte interaction appears extremely difficult.

A very important issue in the analysis of the host-

endophyte relationships is the specificity of the interaction.

In fact, despite of the capability of many microorganisms

to invade any host, in literature there is a lot of information

about the interaction between fungi [26–29] or bacteria

[30–33] and their specific hosts.

In our previous paper concerning the works on the

analysis of the microbiome of Echinacea species we have

observed that different plant species and compartments

select different endophytic bacterial strains [34]. Differ-

ences of bacterial communities among species and com-

partments could be due to the presence of differential

bioactive compounds [35, 36], as alkamides, caffeic acid

derivatives, polysaccharides and alkenes of which Echin-

acea species are rich [37]. Moreover, in the system E.

purpurea-bacterial endophytes of the stem/leaf compart-

ment, the plant-endophyte interaction affects the plant

secondary metabolites content and it seems to drive the

specificity of bacteria colonization in this important

medicinal plant [12].

In this work, we have used plant tissue culture tech-

niques in order to deepen the different aspects of the

interaction between the bacterial endophytes isolated

from E. purpurea stem/leaf, root and rhizospheric soil

and E. purpurea plants as host species and E. angustifolia

and Nicotiana tabacum as non-host species. The plant

compartment specificity of the bacterial colonization has

been evaluated using an in vitro model system in which a

series of axenic plants of different species are inoculated

with single selected endophytes for a total number of 6

endophytes isolated from each plant compartment (2

strains per compartment, Additional file 1). The effect of

co-culture conditions on the growth of plant cells has

been investigated by means of primary root elongation in-

hibition and bacterial promoting growth tests. Moreover,

a bacterial growth test in the presence of host and non-

host plant tissues macerates has been carried out.

Results
Tissue specificity of the bacterial colonization during

plant infection

Strains used in this work were selected from a culture

collection previously established [34] according to their

isolation in well-defined plant compartments. In particu-

lar, strains belonging to two genera, Pseudomonas and

Arthrobacter, were selected, since strains of Pseudo-

monas were found with high frequency in the R com-

partment and strains of Arthrobacter were lacking in R,

but highly representative of both RS and S/L compart-

ments [34]. Additionally, Pseudomonas and Arthrobacter

spp. were identified as PGP bacteria [38]. In order to

fully exploit these qualities, within the panel of strains

Pseudomonas and Arthrobacter, those with efficacious

PGP properties [35] were selected (Additional file 1).

Namely, six strains were chosen, Pseudomonas EpR37,

R58, and Arthrobacter EpRS66, RS71, S/L16 and S/L27.

These strains were used for in vitro E. purpurea plants

infection experiments. Endophytic bacteria from each

compartment were used to inoculate five axenic in vitro

2-months old E. purpurea plants; five plants, used as

control, were inoculated with sterilized saline solution.

In a preliminary infection experiment, thirty days after

the infection, plants infected with S/L16 strain were

analysed for bacterial colonization estimating the total

viable count (TVC) as Colony Forming Units (CFU)/g

into the host R and S/L tissues. Then, the infection

experiment was repeated three times for each strain and

the results recorded after 30 days. Data obtained re-

vealed that the highest CFU/g was detected in the leaves

(panova < 0.0001) when the plants were inoculated with

strains from S/L compartment and in the roots (panova <

0.0001) when the infection was performed with R strains

(Fig. 1 and Additional file 2). Finally, plants inoculated

with RS strains showed less differences between com-

partments (the highest CFU/g was found in the leaves,

panova < 0.05). The absence of bacteria in the control

plant tissues and in the washing solutions confirmed the

use of an axenic plant model and a successful

sterilization procedure, respectively.

Effects of bacterial infection on host plant growth

Data related to physiological parameters of control

and infected E. purpurea plants were reported in

Additional file 3. The analysis of the physiological

parameters showed that the root-isolated strain Pseudo-

monas EpR37 had a borderline promoting effect

(pt-test = 0.05) on the plant fresh weight compared with

the not-infected ones (Additional file 4a). Interestingly,

the leaf/stem isolate Arthrobacter EpS/L16 induced a

significant increase (pt-test = 0.01) in the number of leaves

(Additional file 4b). In the case of the infection of E. pur-

purea plants with the EpRS strains, no significant differ-

ences were observed (Additional file 4ab).

IAA production

In order to check whether bacteria associated to Echin-

acea plants were able to produce IAA and there was a

distinctive production among plant compartments, the

six endophytic strains were tested for IAA production.

The quantification of the produced IAA was esti-

mated by a standard curve of IAA (Additional file 5).

Data obtained revealed a gradient of IAA production

EpS/L16 < EpRS71 < EpRS66 < EpR37 < EpR58 < EpS/L27

(Additional file 6).
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Inoculation of E. purpurea endophytic bacteria in non-

host plants – colonization and effects on plant growth

To elucidate if the colonization of plant tissues and the

effect on host plant growth was host-specific (i.e. related

to the native host E. purpurea), endophytes were also

used to inoculate non-host plants. The model plant Ni-

cotiana tabacum and a non-host closely related species

of Echinacea (E. angustifolia) were chosen. The experi-

mental plan was the same used for the evaluation of E.

purpurea inoculation.

N. tabacum infection

Five N. tabacum plants were inoculated (i.e. infected)

with each of the six utilized bacterial strains and five

plants with saline solution (control). The experiment

was carried out in triplicate for a total of 15 infected

plants and 15 uninoculated control plants. Results indi-

cated that two out of six strains only (EpR37 and

EpRS66) were able to colonize plant tissues. Addition-

ally, none of the strains was able to promote plant

growth or leaf number, that is no overall influence on

the plant physiology was detected (Additional file 7).

Vertical agar plate assay

Results in Figs. 2, 3 and Additional file 8 showed the

effect of inoculation of tobacco plantlets, 15 days after

germination with each endophyte. This effect related to

the length of the primary root and to the changes in root

apparatus due to the formation of branched roots and

presence of root hairs in comparison with not-inoculated

plantlets (Fig. 3). In particular, the length of the main root

was in some cases either shorter or longer than control.

More specifically, the inoculation of both R (EpR37 and

EpR58) endophytic strains and their corresponding cul-

ture filtrates, induced a significant inhibition (pt-test < 0.05

- < 0.001, respectively) of the primary root length either

for seedlings grown at a distance more than 2 cm (> 2 cm;

Fig. 2a, c) from the paper disc or those ones placed within

2 cm (< 2 cm; Fig. 2b, d). In contrast, seedlings inoculation

with the rhizospheric strains EpRS66 (pt-test < 0.01; Fig. 2a)

and EpRS71 (pt-test < 0.001; Fig. 2b) or with the culture

filtrate of the stem/leaves strain EpS/L16 (pt-test < 0.001;

Fig. 2c) promoted a significant elongation of the primary

root compared to the control. Concerning the culture fil-

trates inoculation, a general trend of root length inhibition

was observed in comparison with control plants, especially

in seedlings belonging to the < 2 cm class.

E. angustifolia infection

Given the results on E. purpurea reported above, the in-

fection of E. angustifolia species was performed only

with the Arthrobacter EpS/L16. Five E. angustifolia

plants were inoculated with EpS/L16 strain (infected)

and five plants with saline solution (control) and the ex-

periment was performed in triplicate. Data obtained re-

vealed a contrasting colonization pattern for E.

angustifolia plants in respect to E. purpurea ones. In

fact, CFU/g was higher in the roots (1.81 × 107 ± 4.85 ×

105; panova < 0.0001) than in the leaves (3.21 × 104 ±

2.37 × 102). As for E. purpurea, the inoculation of Ep S/

L16 strain significantly influenced the number of leaves

(pt test = 0.03) (Additional file 9).

Overall, these data indicate that, at least for some of

them, endophytic strains may show a tissue tropism re-

lated to the original tissue of isolation and that this trop-

ism, and in part also the effect on plant physiology is

host-specific. To shed light on the possible physiological

interaction at cellular level an in vitro model system of

tissue of Echinacea was developed and results are de-

scribed in paragraphs below.

Bacterial growth in different culture media

To investigate the possible metabolic basis of differential

bacterial colonization, growth assays of endophytes with

Fig. 1 Total Viable Count (TVC) in E. purpurea root (R) and stem/leaf (S/L) tissues
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different carbon sources present in the medium (i.e. 1%

D-glucose and 1% D-sucrose) or possibility present in

root exudates (i.e. organic acids as 1% succinate) were

performed. Additionally, growth assays with the whole

plant tissue macerates were performed (Fig. 4). Most

strains grew on succinate, but the cultures showed no

increase in their OD values on D-glucose and D-sucrose.

On the other hand, all strains grew well in root or stem/

leaf macerates of E. purpurea and E. angustifolia with a

final cell density higher than that of succinate-grown

cells (pt-test < 0.05) except for the R strains that grew less

than the other strains in M9 supplemented with succin-

ate and the macerate of E. purpurea roots.

Discussion

In this work we investigated on the interaction between

medicinal plants belonging to two different Echinacea

species of the genera Echinacea (i.e. E. purpurea and E.

angustifolia) and the endophytes isolated from in vivo E.

purpurea tissues and rhizosphere [34]. To this purpose,

an in vitro model of axenic plants inoculated with single

endophytic strains (Ep S/L16, Ep S/L27, Ep RS66, Ep

RS71, Ep R37 and Ep R58) was used [12]. Axenic plants

were obtained sterilizing the seeds as previously described

[12] and the absence of microbes was checked plating

homogenized tissues (roots and stem/leaves) on bacterial

nutrient medium and scoring bacteria growth after two,

three and four days of incubation of the plates at 30 °C.

We cannot a priori exclude the presence of residual Viable

but Not Culturable Bacterial cells (as reported in [39]).

However, after the infection experiment, the sterility check

procedure by plating on was repeated for both control

and inoculated plant tissues. Bacterial growth was ob-

served only in inoculated plants, confirming the absence

of viable and culturable endophytes in control plants.

Colonization analysis showed that the bacteria tended

to reach their ecological origin niche in the host plant

(e.g. Ep S/L strains were mainly found in E. purpurea

leaves) but not in E. angustifolia confirming the tissue-

specificity showed by the S/L endophytic pool in Mag-

gini et al. (2017) and revealing the species-specificity of

the investigated strains.

This hypothesis seems to be supported by the fact that

alkamide biosynthesis in E. purpurea organs was influ-

enced by the endophyte infection [12]. Moreover, E. pur-

purea and E. angustifolia endophytes from different plant

compartments showed specific antibiotic resistance and

production [36], suggesting that the bacterial communities

Fig. 2 Primary root length elongation (mm) of seedlings of tobacco plants 7 days after inoculation with different E. purpurea (Ep) endophytesTSB:

tryptic soy broth (negative control), CF: culture filtrate. Bars indicate standard errors between two replicates (n = 15). a, c: seedlings belonging to

the > 2 cm class; (b), (d): seedlings belonging to the < 2 cm class. *pvalue < 0.05; and ** pvalue < 0.01; *** pvalue < 0.001.
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could be structured by the communities themselves select-

ing bacterial phenotypes proper for plant colonization

[35]. In fact, endophytes isolated from the leaves (EPS/L16

and 27) seemed specifically influence the number of

leaves.

Notably, the six investigated strains were able to

synthesize IAA at a different extent. Vertical agar plate

assays showed the highest inhibition of the primary root

elongation in vertical agar plate assays and the most se-

vere morphological changes of tobacco seedlings roots

as induced by the EpR37 and EpR58 endophytes and by

the culture filtrate of the EpS/L27 strain, the highest

IAA producers. These effects might be related to the

IAA endophytic production since exogenous IAA was

associated to root elongation and modification in differ-

ent plant-microbe interaction systems [10].

Also, root and leaf macerates of both species were

found to enhance the bacterial growth in comparison

with minimal M9 medium. Moreover, the succinate

promoted bacterial growth suggesting that the organic

acids synthesized in plants might display an important

role in controlling the endophyte growth, even though

the most important factor for promoting bacterial

growth remained to be determined. As known in litera-

ture, a simplified system for studying endophyte-host

interactions is the establishment of dual culture in vitro

protocols including endophytes and host plant tissues.

Inhibitory or enhancer effects on the growth of endo-

phytes or their corresponding hosts has been investi-

gated [40–43] and in some cases it has been possible to

select specific endophytes to ameliorate growth and

productivity of plant hosts [44]. Thus, this approach

might be a useful tool to get further insight into the

identification of differential factors regulating the inter-

action between bacterial endophytes and Echinacea spp.

Conclusions

The in vitro plant infection model used in this study

could be generally used to deepen the physiology of the

interaction in Echinacea and benefit from this to allow

the identification of new bioactive compounds respon-

sible of therapeutic properties of the plant. In the same

time, this approach could allow to select specific endo-

phytes contributing to the host metabolism properties.

Methods

Bacterial cultures

Six strains (Additional file 1) were selected from a col-

lection previously described [34–36, 45] and set up from

a pool of five Echinacea purpurea plants grown in a

common garden at the “Il Giardino delle Erbe”, Casola

Valsenio, Italy. The strains were separately collected

from the roots (R) and stem/leaves (S/L) of the plants as

well as from the rhizospheric soil (RS). Stock bacterial

cultures (25% glycerol at − 80 °C) were grown at 30 °C

on tryptone soy broth (TSB, Bio-Rad, USA) liquid

medium or tryptone soy agar (TSA; Bio-Rad, USA) solid

medium.

Bacterial Indole-3-acetic acid (IAA) production

One colony for each strain was suspended in 3 ml of

TSB liquid medium and the cultures were grown at

30 °C up to an OD600 = 0.5. Three ml of 1:10 dilution of

a TSB solution, supplemented with 1 mg/ml L-trypto-

phan, were inoculated with 200 μl of each strain liquid

culture as described previously [46]. After incubation

over night at 30 °C, the absorbance (Abs) was measured

at 600 nm. Then, 50 μl of Salkowsky reagent (50 ml, 35%

perchloric acid and 1ml 0.5 M FeCl3) were added to

50 μl of medium (single strain cultures). Absorbance

(Abs Unit, AU) was measured after 30 min at 530 nm

[46]. Active IAA production (Abs530/Abs600) was consid-

ered in relation to a standard curve (0.01–0.05-0.1-0.2-

Fig. 3 Modification of primary root morphology in vertically grown

tobacco seedlings uninoculated (a) or inoculated with EpR58 (b) and

EpR37 (c) root endophytes isolated from E. purpurea
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0.5-1.0-2.0-5.0 μM) of IAA (Sigma-Aldrich). Abs value

for negative control (only medium) was also evaluated

(0.08 AU). E. coli DH5α was used as internal control.

In vitro plant material

Echinacea purpurea (L. Moench) and Echinacea angusti-

folia DC Hell seeds were gently provided by Dr. Sauro

Biffi, Giardino delle Erbe. Nicotiana tabacum cv. Xanthi

seeds were obtained from the Experimental Institute for

Tobacco now renamed as Research Unit for Alternative

Crops to Tobacco, CREA, Scafati (SA), Italy. Briefly,

Echinacea and tobacco seeds were surface sterilized for

8 and 20 min, respectively, in 5% NaOCl solution,

followed by three washes with sterile distilled water and

then germinated and grown in Linsmaier & Skoog

Medium (LS) including vitamins (Duchefa Biochemie,

The Netherlands) at 24 ± 1 °C for a photoperiod of 16 h

a day as previously respectively described [12, 47].

Plant-bacteria interaction model

The analysis of the interaction among the selected

strains and the Echinacea plantlets was carried out with

the in vitro culture model developed by Maggini et al.

[11]. Briefly, single bacterial inocula were incubated for

two days at 30 °C and the bacterial suspensions adjusted

to 8 × 108 cfu/ml (OD600 = 1). The optical density (OD)

was measured in a biophotometer (Eppendorf, Germany).

Two months old E. purpurea plants were weighed (fresh

weight in grams) and scored for the number of leaves.

Then, five plants were transferred in Wavin flasks contain-

ing 50ml LS basal medium and inoculated with 100 μl of

a single bacterial suspension culture (we inoculated five

plants for each bacterial strain). Five plants were used as

control and were infected with 100 μl of sterilized 0.9%

NaCl saline solution. Plants were then incubated in the

growth chamber at 24 ± 1 °C. Thirty days after infection,

plants from each experiment were scored again for both

fresh weight and number of leaves. Biomass increase was

reported as fresh weight fold increase (g) measured as

(ffw-ifw)/ifw where ffw was the final weight of the whole

plant after 30 days of culture after infection and ifw was

the initial plant fresh weight. Then, both shoots and roots

were separately collected, washed in saline solution (wash-

ing solution) and then sterilized in 1% (v/v) hypochlorite

Fig. 4 Growth of endophytes in M9 minimal medium supplemented with 1% D-glucose, 1% D-sucrose, 1% succinate and root (R) or stem/leaf (S/

L) macerates of E. purpurea (Ep) and E. angustifolia (Ea). a: growth of Ep S/L16; b: growth of Ep S/L27; c: growth of Ep R37; d: growth of Ep R58; e:

growth of Ep RS66; f: growth of Ep RS71
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for 8min. One gram of both fresh root and leave tissues

were immediately used for the in planta endophyte

bacterial growth analysis. The experiment was performed

in triplicate.

In planta bacterial growth analysis

In order to evaluate endophytes multiplication into host

tissues, both roots and leaves samples from each experi-

ment were separately homogenized in saline solution.

One hundred microliters of the homogenate were seri-

ally diluted up to 10− 7/ml cells. Five replications of each

dilution were plated on TSA medium. The washing

solution and the distilled water after the last wash were

also diluted to check the presence of bacterial cells on

the surface of the tissues and the outcome of the

sterilization procedure. Bacterial growth was scored after

two days of incubation of the plates at 30 °C.

Dual cultures methods to evaluate the effect of bacteria

inoculation on plant root length inhibition: vertical agar

plate assay

In order to evaluate the effect of bacterial inoculation on

root growth, elongation experiments were performed as

previously described [47]. Briefly, twenty N. tabacum

seedlings of the same age and dimension were grown on

15 cm Petri dishes containing LS basal medium. One

hundred μl of each 1 OD600 suspension cultures or

100 μl culture filtrates in TSB medium were inoculated

on a sterilized filter paper disc placed 1 cm below the

root tips of the seedlings, approximately at the center of

the line of plants. Control treatments were made with

100 μl of TSB culture medium. Plates were incubated

vertically in the growth chamber at 24 ± 1 °C and scored

for root growth and morphology, after 7 days from

treatments. Root growth was reported as root length fold

increase (mm) measured as (fl-il)/il where fl was the

length of primary root after 7 days of culture and il the

initial length of primary roots. Each experiment was

performed in duplicates.

Bacterial promoting growth test

Endophytic strains were grown in TSB liquid medium

up to an OD600 of 1.0 and the growth tests were per-

formed by diluting bacterial cultures to an OD600 of 0.1

in microtiter plate with M9, M9 supplemented with 5 g

l− 1 D-glucose or 5 g l− 1 D-sucrose or 10 g l− 1 succinate

or 100 μl of root or stem/leaf macerates. The plate was

placed in Infinite F200 PRO (TECAN, Salzburg, Austria)

and incubated at 30 °C. The OD600 of the medium in

the each well was recorded at every 2 h for 24 h. The

change in OD600 was calculated with Microsoft Excel

(Microsoft Corp., Redmond, WA, USA). If a well was

dehydrated due to insufficient protection, the data from

the well was excluded from the analysis. The procedure

was performed in duplicate.

Statistical analysis

The analysis of variance of the physiological parameters

between infected and not infected Echinacea plants was

carried out using One-way ANOVA (pvalue < 0.05) or t-test.

Mean separations were performed using the method of

Tukey. The analyses were performed by using the modules

present in the PAST program, version 3.15.

Additional files

Additional file 1: Phenotypic features of the strains used in this work.

Abbreviations: IAA, Indole-3-Acetic Acid; SPH, SideroPHore; EEA, Extracel-

lular Enzymatic Activity; Ep, Echinacea purpurea; R, root; RS, rhizosphere; S/

L, stem/leaves. (DOCX 21 kb)

Additional file 2: Comparison of bacterial colonization among E.

purpurea (Ep) root (R) and stem/leaf (S/L) tissues after 30 days from the

inoculation of endophytic strains. Total Vital Count (TVC) was computed

in colony forming unit (CFU) / g of analysed tissue. Abbreviation: RS,

rhizosphere. (DOCX 20 kb)

Additional file 3: Comparison of fresh weigh (∆FW) and number of

leaves (∆NL) increases of E. purpurea (Ep) control and infected plants.

∆FW and ∆NL are reported as mean values (5 plants in triplicate) and

calculated after 30 days. Abbreviations: R, root; RS, rhizosphere; S/L, stem/

leaves; ns, not significant. (DOCX 21 kb)

Additional file 4: Effects on the growth of E. purpurea (Ep) in vitro

plants of the infection with Ep root (R), rhizospheric (RS) and stem/leaves

(S/L) endophytic strains. a) Fresh weigh (FW) and b) number of leaves

(NL) increases of E. purpurea control (C) and infected (I) plants at the

moment of the saline solution/bacterial inoculation (t0) and after 30 days

(t30). FW and NL are reported as mean values (15 plants). The positive

error bars were calculated on standard deviations of three experiments

(n = 5 in each experiment). (DOCX 72 kb)

Additional file 5: Standard curve of indole-3-Acetic Acid (IAA). Active

IAA production (Abs530/Abs600) was considered in relation to an IAA

standard curve (serial dilution was 0.01–0.05-0.1-0.2-0.5-1.0-2.0-5.0 μM).

(DOCX 46 kb)

Additional file 6: Active indole-3-Acetic Acid (IAA) production by endo-

phytic strains used in this work. Abbreviations: Ep, Echinacea purpurea; R,

root; RS, rhizosphere; S/L, stem/leaves. (DOCX 20 kb)

Additional file 7: Comparison of fresh weigh (∆FW) and number of

leaves (∆NL) increases of N. tabacum control and infected plants. ∆FW

and ∆NL are reported as mean values (5 plants in triplicate) and

calculated after 30 days. Abbreviations: Ep, Echinacea purpurea; R, root; RS,

rhizosphere; S/L, stem/leaves; ns, not significant. (DOCX 21 kb)

Additional file 8: Photographs showing the effect of inoculation of

different E. purpurea (Ep) endophytes and their culture filtrates (CF) on

primary root morphology and elongation in vertically grown tobacco

seedlings uninoculated or inoculated. (a): TSB, tryptic soy broth (negative

control); (b): Ep S/L27; (c): Ep CFS/L27; (d): Ep S/L16; (e): Ep CFS/L16; (f): Ep

RS66; (g): Ep CFRS66; (h): Ep RS71; (i): Ep CFRS71; (l): Ep R58; (m): Ep

CFR58; (n): Ep R37; (o): Ep CFR37. (DOCX 979 kb)

Additional file 9: Comparison of fresh weigh (∆FW) and number of

leaves (∆NL) increases of E. purpurea and E. angustifolia control and

infected with Ep S/L16 strain plants. ∆FW and ∆NL are reported as mean

values (5 plants in triplicate) and calculated after 30 days. Abbreviation:

ns, not significant. (DOCX 20 kb)

Acknowledgments

Not applicable.

Maggini et al. BMC Plant Biology          (2019) 19:284 Page 7 of 9

https://doi.org/10.1186/s12870-019-1890-z
https://doi.org/10.1186/s12870-019-1890-z
https://doi.org/10.1186/s12870-019-1890-z
https://doi.org/10.1186/s12870-019-1890-z
https://doi.org/10.1186/s12870-019-1890-z
https://doi.org/10.1186/s12870-019-1890-z
https://doi.org/10.1186/s12870-019-1890-z
https://doi.org/10.1186/s12870-019-1890-z
https://doi.org/10.1186/s12870-019-1890-z


Authors’ contributions

VM, PB, FF, EG and RF conceived and designed the research, VM, SB and PB

performed the research, VM, PB and AM analyzed the data, VM and PB wrote

the manuscript, and VM, PB, RF, AM, EG and FF discussed the results and

provided comments. All authors read and approved the final manuscript.

Funding

This work was supported by Tuscany Region (Italy; Resolution n. 1224/2016

“Medicine Complementari”) and by Fondazione Cassa di Risparmio di Firenze

(project #2016.0936, Herbiome: new antibiotic molecules from endophytic

bacteria isolated from medicinal plants). The funding sources had no

involvement in any part of the study.

Availability of data and materials

All data generated or analyzed during this study are included in this

published article [and its additional files] or are available from the

corresponding author on reasonable request.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Author details
1Department of Biology, Laboratory of Plant Genetics, University of Florence,

Via Madonna del Piano 6, I-50019 Sesto Fiorentino (Florence), Italy.
2Department of Experimental and Clinical Medicine, University of Florence,

Florence, Italy. 3Research and Innovation Center in Phytotherapy and

Integrated Medicine - CERFIT Careggi University Hospital, Florence, Italy.
4Botanical Garden, Casola Valsenio, Italy.

Received: 2 December 2018 Accepted: 18 June 2019

References

1. Glazebrook J, Roby D. Plant biotic interactions: from conflict to

collaboration. Plant J. 2018;93(4):589–91.

2. Meena VS. Role of Rhizospheric microbes in soil: Springer; 2018.

3. Saijo Y, Loo EP, Yasuda S. Pattern recognition receptors and signaling in

plant-microbe interactions. Plant J. 2018;93(4):592–613.

4. Plett JM, Martin FM. Know your enemy, embrace your friend: using omics to

understand how plants respond differently to pathogenic and mutualistic

microorganisms. Plant J. 2018;93(4):729–46.

5. White JF, Kingsley KL, Verma SK, Kowalski KP. Rhizophagy cycle: an oxidative

process in plants for nutrient extraction from symbiotic microbes.

Microorganisms. 2018;6(3):E95.

6. Gaiero JR, McCall CA, Thompson KA, Day NJ, Best AS, Dunfield KE. Inside the

root microbiome: bacterial root endophytes and plant growth promotion.

Am J Bot. 2013;100(9):1738–50.

7. Rojas-Solis D, Santoyo G. Data on the effect of Pseudomonas stutzeri E25

and Stenotrophomonas maltophilia CR71 culture supernatants on the

mycelial growth of Botrytis cinerea. Data in brief. 2018;17:234–6.

8. Turner TR, James EK, Poole PS. The plant microbiome. Genome Biol. 2013;

14(6):209.

9. Tall S, Meyling NV. Probiotics for plants? Growth promotion by the

Entomopathogenic fungus Beauveria bassiana depends on nutrient

availability. Microb Ecol. 2018;76(4):1002–8.

10. Dar ZM, Masood A, Mughal AH, Asif M, Malik MA. Review on drought

tolerance in plants induced by plant growth promoting Rhizobacteria. Int J

Curr Microbiol App Sci. 2018;7(5):412–22.

11. Rho H, Hsieh M, Kandel SL, Cantillo J, Doty SL, Kim SH. Do endophytes

promote growth of host plants under stress? A meta-analysis on plant stress

mitigation by endophytes. Microb Ecol. 2018;75(2):407–18.

12. Maggini V, De Leo M, Mengoni A, Gallo ER, Miceli E, Reidel RVB, et al. Plant-

endophytes interaction influences the secondary metabolism in Echinacea

purpurea (L.) Moench: an in vitro model. Sci Rep. 2017;7(1):16924.

13. Sauvetre A, May R, Harpaintner R, Poschenrieder C, Schroder P. Metabolism

of carbamazepine in plant roots and endophytic rhizobacteria isolated from

Phragmites australis. J Hazard Mater. 2018;342:85–95.

14. Etalo DW, Jeon JS, Raaijmakers JM. Modulation of plant chemistry by

beneficial root microbiota. Nat Prod Rep. 2018;35(5):398–409.

15. Puri SK, Habbu PV, Kulkarni PV, Kulkarni VH, Shah P, Bhalodia D, et al.

Nitrogen containing secondary metabolites from endophytes of medicinal

plants and their biological/pharmacological activities-a review. Syst Rev

Pharm. 2018;1:128–32.

16. Rafi I, Cheah YK. Bacterial endophytes: a reservoir of bioactive anti-microbial

compounds. Life Sci Med Biomed. 2018;2(1):1–7.

17. Scharf BE, Hynes MF, Alexandre GM. Chemotaxis signaling systems in model

beneficial plant-bacteria associations. Plant Mol Biol. 2016;90(6):549–59.

18. Gaworzewska ET, Carlile MJ. Positive chemotaxis of Rhizobium

leguminosarum and other Bacteria towards root exudates from legumes

and other plants. Microbiology. 1982;128:1179–88.

19. Hardoim PR, van Overbeek LS, Elsas JD. Properties of bacterial endophytes and

their proposed role in plant growth. Trends Microbiol. 2008;16(10):463–71.

20. Checcucci A, Maida I, Bacci G, Ninno C, Bilia AR, Biffi S, et al. Is the plant-

associated microbiota of Thymus spp. adapted to plant essential oil? Res

Microbiol. 2017;168(3):276–82.

21. Cordeiro FA, Tadra-Sfeir MZ, Huergo LF, de Oliveira Pedrosa F, Monteiro RA,

de Souza EM. Proteomic analysis of Herbaspirillum seropedicae cultivated in

the presence of sugar cane extract. J Proteome Res. 2013;12(3):1142–50.

22. Coutinho BG, Licastro D, Mendonca-Previato L, Camara M, Venturi V. Plant-

influenced gene expression in the Rice endophyte Burkholderia kururiensis

M130. Mol Plant Microbe Interact. 2015;28(1):10–21.

23. Mark GL, Dow JM, Kiely PD, Higgins H, Haynes J, Baysse C, et al.

Transcriptome profiling of bacterial responses to root exudates identifies

genes involved in microbe-plant interactions. Proc Natl Acad Sci U S A.

2005;102(48):17454–9.

24. Rediers H, Rainey PB, Vanderleyden J, De Mot R. Unraveling the secret lives

of bacteria: use of in vivo expression technology and differential

fluorescence induction promoter traps as tools for exploring niche-specific

gene expression. Microbiol Mol Biol Rev. 2005;69(2):217–61.

25. Shidore T, Dinse T, Ohrlein J, Becker A, Reinhold-Hurek B. Transcriptomic

analysis of responses to exudates reveal genes required for rhizosphere

competence of the endophyte Azoarcus sp. strain BH72. Environ Microbiol.

2012;14(10):2775–87.

26. de Wit PJ. Molecular characterization of gene-for-gene systems in plant-

fungus interactions and the application of avirulence genes in control of

plant pathogens. Annu Rev Phytopathol. 1992;30(1):391–418.

27. Saikkonen K, Faeth SH, Helander M, Sullivan TJ. Fungal endophytes: a continuum

of interactions with host plants. Annu Rev Ecol Syst. 1998;29(1):319–43.

28. Zhou D, Hyde KD. Host-specificity, host-exclusivity, and host-recurrence in

saprobic fungi. Mycol Res. 2001;105(12):1449–57.

29. Jones JD, Dangl JL. The plant immune system. Nature. 2006;444(7117):323–9.

30. Rosenblueth M, Martinez-Romero E. Bacterial endophytes and their

interactions with hosts. Mol Plant Microbe Interact. 2006;19(8):827–37.

31. Reinhold-Hurek B, Hurek T. Living inside plants: bacterial endophytes. Curr

Opin Plant Biol. 2011;14(4):435–43.

32. Long HH, Schmidt DD, Baldwin IT. Native bacterial endophytes promote

host growth in a species-specific manner; phytohormone manipulations do

not result in common growth responses. PLoS One. 2008;3(7):e2702.

33. Hardoim PR, van Overbeek LS, Berg G, Pirttila AM, Compant S, Campisano A,

et al. The hidden world within plants: ecological and evolutionary

considerations for defining functioning of microbial endophytes. Microbiol

Mol Biol Rev. 2015;79(3):293–320.

34. Chiellini C, Maida I, Emiliani G, Mengoni A, Mocali S, Fabiani A, et al. Endophytic

and rhizospheric bacterial communities isolated from the medicinal plants

Echinacea purpurea and Echinacea angustifolia. Int Microbiol. 2014;17(3):165–74.

35. Maggini V, Miceli E, Fagorzi C, Maida I, Fondi M, Perrin E, et al. Antagonism

and antibiotic resistance drive a species-specific plant microbiota

differentiation in Echinacea spp. FEMS Microbiol Ecol. 2018;94(8):fiy118.

36. Mengoni A, Maida I, Chiellini C, Emiliani G, Mocali S, Fabiani A, et al. Antibiotic

resistance differentiates Echinacea purpurea endophytic bacterial communities

with respect to plant organs. Res Microbiol. 2014;165(8):686–94.

37. Barnes J, Anderson LA, Gibbons S, Phillipson JD. Echinacea species

(Echinacea angustifolia (DC.) hell., Echinacea pallida (Nutt.) Nutt., Echinacea

purpurea (L.) Moench): a review of their chemistry, pharmacology and

clinical properties. J Pharm Pharmacol. 2005;57(8):929–54.

Maggini et al. BMC Plant Biology          (2019) 19:284 Page 8 of 9



38. Saharan B, Nehra V. Plant growth promoting Rhizobacteria: a critical review.

Life Sci Med Res. 2011;21:1–30.

39. White JF Jr, Torres MS, Somu MP, Johnson H, Irizarry I, Chen Q, et al.

Hydrogen peroxide staining to visualize intracellular bacterial infections of

seedling root cells. Microsc Res Tech. 2014;77(8):566–73.

40. Sieber TN, Sieber-Canavesi F, Dorworth CE. Simultaneous stimulation of

endophytic Cryptodiaporthe hystrix and inhibition of Acer macrophyllum

callus in dual culture. Mycologia. 1990;82:569–75.

41. Hendry SJ, Boddy L, Lonsdale D. Interactions between callus cultures of

European beech, indigenous ascomycetes and derived fungal extracts. New

Phytol. 1993;123:421–8.

42. Cohen SD. Endophytic-host selectivity of Discula umbrinella on Quercus alba

and Quercus rubra characterized by infection, pathogenicity and mycelial

compatibility. Eur J Plant Pathol. 2004;110(7):713–21.

43. Peršoh D. Factors shaping community structure of endophytic fungi-

evidence from the Pinus Viscum system. Fungal Divers. 2013;60:55–69.

44. Huang LH, Yuan MQ, Ao XJ, Ren AY, Zhang HB, Yang MZ. Endophytic fungi

specifically introduce novel metabolites into grape flesh cells in vitro. PLoS

One. 2018;13(5):e0196996.

45. Maida I, Chiellini C, Mengoni A, Bosi E, Firenzuoli F, Fondi M, et al.

Antagonistic interactions between endophytic cultivable bacterial

communities isolated from the medicinal plant Echinacea purpurea. Environ

Microbiol. 2016;18(8):2357–65.

46. Gordon SA, Weber RP. Colorimetric estimation of Indoleacetic acid. Plant

Physiol. 1951;26(1):192–5.

47. Presta L, Bosi E, Fondi M, Maida I, Perrin E, Miceli E, et al. Phenotypic and

genomic characterization of the antimicrobial producer Rheinheimera sp.

EpRS3 isolated from the medicinal plant Echinacea purpurea: insights into its

biotechnological relevance. Res Microbiol. 2017;168(3):293–305.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.

Maggini et al. BMC Plant Biology          (2019) 19:284 Page 9 of 9


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Tissue specificity of the bacterial colonization during plant infection
	Effects of bacterial infection on host plant growth
	IAA production
	Inoculation of E. purpurea endophytic bacteria in non-host plants – colonization and effects on plant growth
	N. tabacum infection
	Vertical agar plate assay
	E. angustifolia infection
	Bacterial growth in different culture media

	Discussion
	Conclusions
	Methods
	Bacterial cultures
	Bacterial Indole-3-acetic acid (IAA) production
	In vitro plant material
	Plant-bacteria interaction model
	In planta bacterial growth analysis
	Dual cultures methods to evaluate the effect of bacteria inoculation on plant root length inhibition: vertical agar plate assay
	Bacterial promoting growth test
	Statistical analysis

	Additional files
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

