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Alkannin and shikonin (A/S) are enantiomeric naphthoquinones produced in the roots of
certain plants from the Boraginaceae family such as Lithospermum spp. and Alkanna
spp. They possess antimicrobial, anti-tumoral and wound healing properties. The
production of secondary metabolites by Alkanna tinctoria might be influenced by its
endomicrobiome. To study the interaction between this medicinal plant and its bacterial
endophytes, we isolated bacteria from the roots of wild growing Alkanna tinctoria
collected near to Athens and Thessaloniki in Greece. Representative strains selected
by MALDI-TOF mass spectrometry were identified by partial 16S rRNA gene sequence
analysis. In total, 197 distinct phylotypes of endophytic bacteria were detected. The
most abundant genera recovered were Pseudomonas, Xanthomonas, Variovorax,
Bacillus, Inquilinus, Pantoea, and Stenotrophomonas. Several bacteria were then tested
in vitro for their plant growth promoting activity and the production of cell-wall degrading
enzymes. Strains of Pseudomonas, Pantoea, Bacillus and Inquilinus showed positive
plant growth properties whereas those of Bacteroidetes and Rhizobiaceae showed
pectinase and cellulase activity in vitro. In addition, bacterial responses to alkannin
and shikonin were investigated through resistance assays. Gram negative bacteria were
found to be resistant to the antimicrobial properties of A/S, whereas the Gram positives
were sensitive. A selection of bacteria was then tested for the ability to induce A/S
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production in hairy roots culture of A. tinctoria. Four strains belonging to Chitinophaga
sp., Allorhizobium sp., Duganella sp., and Micromonospora sp., resulted in significantly
more A/S in the hairy roots than the uninoculated control. As these bacteria can produce
cell-wall degrading enzymes, we hypothesize that the A/S induction may be related with
the plant-bacteria interaction during colonization.

Keywords: endophytes, isolation, Alkanna tinctoria, alkannin, shikonin, hairy roots

INTRODUCTION

Plants communicate and interact with a wide variety of
microorganisms. They release water-soluble sugars, organic
acids, ionic compounds, phenolics, hormones, and other
metabolites into the rhizosphere, thus providing nutrients to
microorganisms. Due to the richness of nutrients in this soil
region, compared to bulk soil, the rhizosphere is enriched
with microorganisms, leading to increased microbial interactions
(Sasse et al., 2018; Yu and Hochholdinger, 2018). Rhizospheric
microorganisms influence plant growth through soil nutrient
recycling and nutrient uptake. For example, bacteria such as
Acidobacterium sp., Pedobacter sp., Muciliginibacter sp., and
Cellulomonas sp. play an important role in the recycling of
plant polysaccharides such as cellulose, pectin and lignin (Lopez-
Mondéjar et al.,, 2016; Poulsen et al., 2016; Belova et al., 2018).
Several bacteria including those from the genera Pseudomonas,
Pantoea, and Bacillus have the ability to solubilize and therefore
make accessible insoluble phosphate to plants (Ghyselinck et al.,
2013). Similarly, rhizobia can provide plants with combined
nitrogen via biological nitrogen fixation (Mabrouk et al., 2018).
Soil microorganisms can also influence plant growth through
the secretion of growth hormones such as indole acetic acid
(IAA) or ethylene. Indeed, several studies have shown that plant
inoculation with IAA-producing bacteria promote plant growth
significantly (Patten and Glick, 2002; Mobhite, 2013; Chandra
et al., 2018). Furthermore, rhizospheric bacteria can play a role
in plant defense and metabolite production (Lambers et al., 2009;
Berendsen et al., 2012; Huang et al., 2019). They can first compete
with pathogens for nutrients and space in the rhizosphere. For
instance, siderophore-producing bacteria can contend with soil
pathogens for iron uptake and consequently prevent the root
colonization by these microorganisms. As iron is essential for the
growth of many organisms and is involved in biofilm formation
that is needed for successful root colonization, its uptake by
beneficial bacteria can prevent pathogen infections (Ramey et al.,
2004; Ahmed and Holmstrom, 2014). Microorganisms can also
produce secondary metabolites with antimicrobial properties.
For example, Burkholderia sp. showed antimicrobial activities
against the plant pathogens Phytophthora capsici, Fusarium
oxysporum, and Rhizoctonia solani through the production of
pyrrolnitrin (Jung et al., 2018). In addition, some microbes
can induce plant defenses. Asghari et al. (2020) demonstrated
that Pseudomonas sp. Sn48 and Pantoea sp. Sal4 induce plant
production of phytoalexins and polyamines resulting in a
reduction of the Agrobacterium tumefaciens gall.

Among the microorganisms interacting with plants,
endophytes are defined as those that colonize the internal

tissues of plants during the entire or part of their host’s lifecycle
without causing external damage (Ryan et al, 2008; Anjum
and Chandra, 2015; Orlikowska et al., 2017). Like rhizospheric
microorganisms, they can promote plant growth and influence
plant metabolites. In the case of medicinal plants, endophytes
contribute to or are responsible for their host’s pharmaceutical
properties (e.g., antioxidant and/or antimicrobial properties;
Kaberl et al., 2013; Brader et al., 2014; Maggini et al., 2017). The
inoculation of Bacillus subtilis BERA 71 to chickpea increased the
plant biomass and reduced the levels of reactive oxygen species
and lipid peroxidation under salinity stress. This effect was
associated with an enhancement of the activities of enzymatic
and non-enzymatic antioxidants (Abd_Allah et al, 2017).
Endophytes can also influence the antimicrobial activity as well
as the production of secondary metabolites in medicinal plants.
Pandey et al. (2018) showed that endophytic fungi increase the
biomass of Withania somnifera, resulting in a higher total plant
withanolide content. Moreover, the inoculation of endophytic
bacteria stimulated the withanolide biosynthesis pathway by
upregulating the expression of key genes within this pathway
such as HMGR, DXS, and DXR (Pandey et al., 2018). Endophytes
of medicinal plants also produce a wide range of bioactive
secondary metabolites such as alkaloids, isoprenoids, flavonoids
and indoles (Tan and Zou, 2001; Barman and Bhattacharjee,
2020; Monnanda et al., 2020).

Studies on endophytes are indeed invaluable to the promotion
of medicinal plants’ therapeutic properties. Alkanna tinctoria
(family Boraginaceae) is a medicinal plant native to countries
of the Mediterranean region (Strid, 2016). The plant produces
quinones and phenolic compounds and has antioxidant activities.
Moreover, compared to other Alkanna species, A. tinctoria
produces high amounts of alkannin/shikonin (A/S) and their
derivatives. These secondary metabolites are enantiomeric
naphthoquinones produced by root tissues. They are sequestered
to form granules in the phospholipid layer and are accumulated
in the apoplastic spaces. Thus, they can be found in the cork layer
of mature roots and their accumulation leads to a red or purple
coloration of the root (Brigham et al., 1999; Singh et al., 2010;
Tatsumi et al., 2016). The A/S derivatives are strongly involved
in the antimicrobial activity of the plant and form a chemical
barrier against soil-borne microorganisms. They are also known
for wound healing, anticancer and anti-inflammatory properties
(Papageorgiou et al., 1999, 2008) and they comprise the active
pharmaceutical ingredients of strong wound healing medicines
approved by the National Organization for Medicines in Greece.
Because of these interesting traits, A. tinctoria was chosen for the
production of A/S for medical applications (Papageorgiou et al.,
2008; Sengul et al., 2009; Tung et al., 2013).
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Despite the medicinal importance of wild-growing A. tinctoria
and the potential bioactive properties of its associated bacteria, no
studies have been performed so far on its endophytic bacteria and
their possible interactions with the plant. The aims of this work
were therefore (i) to explore the diversity of endophytic bacteria
associated with A. tinctoria, (ii) to screen the isolates for a number
of plant-growth promotion properties and for the production of
cell-wall degrading enzymes (iii) to evaluate the effect of the A/S
produced by the plant on the associated bacteria, and (iv) to test
their effect on plant A/S production in a bioassay.

MATERIALS AND METHODS

Isolation of Root Endophytic Bacteria
From Wild-Growing Alkanna tinctoria

Plants

Three botanical expeditions to collect wild-growing Alkanna
tinctoria were undertaken. The first one was conducted in
December 2017, in Northern Greece (Seich Sou area close to
the Theater of the Earth, Thessaloniki, Greece), using a special
collection permit obtained by the Institute of Plant Breeding and
Genetic Resources, Hellenic Agricultural Organization Demeter
(IPBGR, HAO Demeter) which is issued annually by the
Greek Ministry of Environment and Energy. Samples from
this expedition were used to optimize the isolation conditions.
The wild plants collected were taxonomically identified and
they were given the International Plant Exchange Network
(IPEN) accession number GR-1-BBGK-18,6081 for their long-
term ex situ conservation (including also asexual and in vitro
propagation trials) at the premises of IPBGR, HAO Demeter.
Two further collections were made in April and May of 2018
in Southern Greece (at the University of Athens, Campus
of Zografou, Athens) and Northern Greece (Seich Sou area,
Thessaloniki), respectively.

After each expedition, a bacterial isolation campaign was
conducted. Three plants from each of the collections were chosen
to explore the diversity of culturable bacterial endophytes. The
roots were first cleaned with tap water to remove soil particles.
Subsequently, they were immersed in a solution of 70% ethanol
for 5 min. After rinsing with sterile water, the root was further
sterilized with a solution of 1.4% of NaOCI for 20 min. The root
was rinsed again and immersed in 2% Na;S;03 for 10 min to
neutralize the effect of bleach. A last rinse with sterile water was
performed before testing the efficiency of the sterilization process
in order to exclude non-endophytes. To do so, the external
surface of the root was imprinted onto a sterile plate containing
869 agar medium (Weyens et al., 2012; Eevers et al., 2015) before
incubation at 28°C. Only roots without microbial growth on the
imprints were used for the isolation of endophytic bacteria. The
root material was crushed in 10 mL of sterile phosphate buffer
saline (PBS) and a 10-fold dilution series was prepared. The
dilutions 10~2-10~7 were then plated in triplicate.

To determine the isolation conditions (medium, incubation
time and temperature) that would yield the widest bacterial
diversity, during the first isolation campaign a wide selection of

media were compared. Nine culture media supplemented with
50 mg/L cycloheximide were tested, including the commonly
used media R2A (Difco), 1/10 TSA (Oxoid), and ISP2 (Oxoid),
as well as 1/10 869 medium (Eevers et al., 2015) which is
routinely used for the isolation of endophytes. In addition,
1/10 869 medium supplemented with either an infusion of
dried Symphytum officinale (family Boraginaceae) roots or with
allantoin was tested. To prepare the former medium supplement,
dried S. officinale roots (Bioshop, Gent, Belgium) were infused in
boiled water for 10 min (28 g/L). The infusion was then filtered
and used to resuspend the dry ingredients of medium 1/10 869.
Allantoin was added to medium 1/10 869 at four concentrations
(0.32, 1.6, 9, 32 mM). Allantoin is a secondary metabolite found
in the root of several members of the Boraginaceae family (Eevers
et al,, 2015; Dresler et al., 2017). In this first isolation campaign,
plates were incubated at 28°C for 4 days after which all distinct
colony types were picked for purification. Plates of the highest
dilutions were incubated for an additional 10 days at 20°C to
isolate slow growers.

Identification of the Isolates

Dereplication and identification of the isolates obtained in the
different conditions were performed using MALDI-TOF MS and
16S rRNA gene sequencing. To conduct the MALDI-TOF MS,
pure 2nd generation cultures were grown. The proteins were
then extracted, spotted in duplicate onto MALDI-TOF target
plates and overlaid with matrix solution (10 mg/mL a-cyano-4-
hydroxycinnamic acid in acetonitrile-water-trifluoroacetic acid)
as previously described (Dumolin et al, 2019). The protein
profiles were read with the Bruker Microflex™ LT/SH system.
The programs SPeDE (Dumolin et al., 2019) and BioNumerics
(Applied Mats) were used to cluster the protein profiles.
In SPeDe, each unique spectrum is assigned as a reference
and clusters of all similar spectra are generated (Dumolin
et al., 2019). Thus, strains from which the spectra clustered
together were considered as highly similar and only the
reference strains were selected for rRNA 16S gene sequencing
(Jain et al., 2018).

Genomic DNA was extracted by alkaline lysis according
to the method of Niemann et al. (1997). Amplification
of the 16S rRNA gene was performed using primers pA
(3’-AGAGTTTGATCCTGGCTCAG-5, forward) and pH
(5'-AAGGAGGTGATCCAGCCGCA-3', reverse). The PCR
products were sequenced by Eurofins Genomics, Mix2seq service,
with the BKL1 primer (5'-GTATTACCGCGGCTGCTGGCA-
3/, reverse) and the sequences obtained were identified with
EzTaxon database (Yoon et al, 2017). We considered two
sequences as belonging to the same species when they were at
least 98.7% identical and as belonging to the same genus when
they were at least 94.8% identical (Moreira and Lopez-Garcia,
2014; Yarza et al., 2014).

Plant Growth-Promoting Activity of
Endophytic Bacteria

To test bacteria in vitro for their plant growth promoting activity,
four parameters were evaluated: phosphate solubilization,
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siderophore production, ACC deaminase activity, and indole
acetic acid production.

Phosphate Solubilization

NBRIP medium (2.5 g/L Ca3(POy); 5 g/L MgCly,6H,0; 0.25 g/L
MgSO4,7H,0; 0.2 g/L KCl, 0.1 g/L (NHy4)»SOy, and 15 g/L agar)
with 10 g/L glucose was used for this test (Nautiyal, 1999). The
pH of the medium was adjusted to 7 before autoclaving and
small Petri dishes were used (diameter 5.5 cm). Dense bacterial
suspensions (OD 0.5-0.6) were made in 1 mL of PBS. Then,
10 pL of each suspension was spotted in the middle of each
plate. The test was performed in triplicate. The diameter of clear
halos around the bacterial growth was measured after 2, 4, 7, and
10 days of incubation at 28°C. The strain R-42086 (Pseudomonas
sp.) was used as a positive control (Ghyselinck et al., 2013).

Siderophore Production

To test the production of siderophores, the CAS (chrome azurol
S) blue medium was prepared according to Louden et al. (2011).
Small Petri dishes were used (diameter 5.5 cm). Dense bacterial
suspensions (OD 0.5-0.6) were made in 1 mL of sterile PBS.
Then, 10 nL of each suspension was spotted in the middle of each
plate. The test was performed in triplicate. The halo diameter was
observed and measured after 2, 4, 7, and 10 days of incubation
at 28°C. The strain R-42086 (Pseudomonas sp.) was used as a
positive control (Ghyselinck et al., 2013).

1-Aminocyclopropane-1-Carboxylate (ACC)
Deaminase Activity

DFS medium was prepared for the ACC deaminase test following
the protocol from Penrose and Glick (2003). The glucose and
the citric acid were filter sterilized and added to the autoclaved
medium. To conduct the experiment, the bacteria were first
grown in DFS medium + 2 g (NH4),SO4 for 72 h at 28°C, 100
rpm. Then, in a 96-well plate, for each strain 15 pL of the liquid
culture was added in 135 pL of DFS medium + 3 mM ACC.
Each strain was tested in triplicate. The DFS medium without any
nitrogen source was used as control. As blanks, the outermost
wells of the plate were filled with the culture medium free of
bacteria. After 48 h at 28°C, the OD was read at 590 nm. Then,
50 wL of the culture was re-transferred to fresh DFS + 0.3 M
ACC. This procedure was repeated twice to exhaust any residual
stock of nitrogen. The strain R-42058 (Pseudomonas sp.) was
used as a positive control and the ACC deaminase activity was
evaluated by comparison with the blank (Ghyselinck et al., 2013).

IAA Production

Yeast malt extract medium (YM, peptone 5 g/L, yeast extract
3 g/L, malt extract 3 g/L, pH 6.2) was used to test for the
production of indole acetic acid (IAA) in liquid culture (Apine
and Jadhav, 2011; Mohite, 2013). Bacteria were grown in R2B
medium (Difco) for 72 h at 28°C, 100 rpm. Then, 1.5 mL of
each bacterial culture was centrifuged (20°C, 5 min, 14,000 rpm),
the supernatant was removed, and the pellet was resuspended
in sterile distilled water. Then, 100 pL of the suspension
were inoculated in 900 pL of YM medium with and without
tryptophan (1 g/L). The outermost wells of the plate were filled

with the culture medium free of bacteria as blanks. The test was
performed in triplicate. Incubation was at 28°C for 72 h. The
strain R-42086 (Pseudomonas sp.) was used as a positive control
(Ghyselinck et al., 2013).

After incubation, the plates were centrifuged at 20°C,
3,700 rpm for 5 min. Then, 50 wL of the supernatant was
transferred to flat bottom 96-wells plate and 100 pL of
Salkowsky’s reagent (2% 0.5 M FeCls in 35% HClOy4 solution)
was added and mixed by pipetting. The plate was then kept
in the dark for 30 min before measuring the optical density.
A calibration curve was made with 0, 0.5, 1, 2, 5, 10, 15, 20, 25,
30 pg of IAA/mL.

Enzymatic Activities

Our isolates’ ability to recycle plant polysaccharides such as
cellulose, pectin and lignin was tested through phenotypic
enzymatic assays.

Pectinase and Cellulase Activities

Depending on the objective of the test, a minimum medium
(4 g/L KH,POy, 6 g/L NayHPOy, 2 g/L (NH4)2S04, 1 g/L yeast
extract, 0.001 g/L FeSO4, 0.2 g/L MgSOy4, 0.001 g/L CaCl,,
0.00001 g/L H3BO3, 0.00001 g/L MnSOy, 0.00007 g/L ZnSOy,
0.00005 g/L CuSOy, 0.00001 g/L MoOjs, 15 g/L agar, pH 7)
supplemented with 5 g/L of either pectin or carboxymethyl
cellulose was used for this assay. Dense bacterial suspensions
were made in sterile PBS (OD 0.5-0.6). Then, 10 wL of each
bacterial suspension was spotted onto the center of the plate.
The test was performed in triplicates and plates were incubated
at 28°C for 5 days. Plates were then checked for the presence
of a solubilization halo. The halo was visualized by the addition
of 0.01% congo red and 1% hexadecyltrimethylammonium
bromide (CTAB) solutions for the cellulase and pectinase tests,
respectively. The strain LMG 16323 (Cellulomonas cellasea) was
used as a positive control for the cellulase assay whilst strain LMG
2404 (Pectobacterium carotovorum subsp. carotovorum) was used
as a positive control for the pectinase test.

Ligninolytic Activity

This assay was conducted in two steps: a first screening on
minimum medium (4 g/L KH;PO4, 6 g/L NaHPOy, 2 g/L
(NH4)2SOy4, 1 g/L yeast extract, 0.001 g/L FeSOy, 0.2 g/L MgSOy,
0.001 g/L CaCl,, 0.00001 g/L H3BOs, 0.00001 g/L MnSOy,
0.00007 g/L ZnSOy4, 0.0000 5 g/L CuSOy4, 0.00001 g/L MoO3,
15 g/L agar, pH 7) supplemented with 5 g/L lignin and a second
test of selected bacteria on the same minimum medium with
25 mg/L of methylene blue.

To screen for ligninolytic activity, dense bacterial suspensions
(OD 0.5-0.6) were made in sterile PBS. Then, 10 pL of each
bacterial suspension was spotted onto the middle of the plate.
The experiment was conducted in triplicates and the plates
were incubated at 28°C for 5 days before checking for bacterial
growth. Bacteria that were able to grow on lignin medium were
transferred two more times to the same medium to ensure that
survival was independent of the previous nutrient stock.

After a total of three transfers, strains that retained the ability
to grow were selected to check for their ability to solubilize
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methylene blue. Structurally, methylene blue is very similar
to lignin and both compounds can be degraded by the same
enzymes. When methylene blue is degraded, it loses its color
and can therefore be used to identify lignin-degrading bacteria
(Bandounas et al., 2011). Dense bacterial suspensions were made
in sterile PBS. Then, 10 pnL of each bacterial suspension was
spotted onto the middle of the plate. The plates were incubated
for 1 week at 28°C and growth was checked daily. Bacteria able to
metabolize methylene blue are expected to produce bright halos
around their colonies.

Susceptibility Assay

Susceptibility assays were conducted to assess the sensitivity of
A. tinctoria endophytic bacteria isolates to the antimicrobial
effects of A/S derivatives. The diffusion assay using filter
disks described by Bauer et al. (1966) was performed. The
concentration tested was 50 pg per filter disk, following
Brigham et al. (1999). A mixture of alkannin/shikonin and
their derivatives (A/S mixture) was isolated after extraction and
further fractionation steps from A. tinctoria roots, as described
in Assimopoulou et al. (2008) and Tappeiner et al. (2013). The
mixture was first solubilized in acetone to a concentration of
46.7 mg/mL and then diluted in sterile water to a concentration
of 2.5 mg/mL. Then, 20 L of each test solution were used to
inoculate the filter disks. In total, six filter disks were used in this
assay: three were inoculated with the A/S mixture (50 pg/filter
disk), one with acetone-water solution (5.9% acetone; used as an
A/S mixture solvent control), one with ampicillin (50 pg/filter
disk; as a control antibiotic), and one with MilliQ water (as
ampicillin solvent control). Dense bacterial suspensions were
prepared in PBS and 100 pL of each suspension was inoculated
by spreading on R2A plates. Individual filter disks containing
20 pL of each test solution were left to dry for 30 min before
being transferred onto the plates. The test was performed in
triplicate. Control strains were selected based on the results
reported by Brigham et al. (1999): LMG 8224 (Staphylococcus
aureus subsp. aureus) and LMG 7135 (Bacillus subtilis subsp.
subtilis) as sensitive strains and LMG 8223 (Escherichia coli) as
a resistant strain.

Induction of A/S Production in Hairy

Roots of A. tinctoria

Hairy roots of A. tinctoria were produced with a modified
protocol (Brigham et al., 1999; Fukui et al., 1999; Kim et al.,
2009) as follows: Agrobacterium rhizogenes strain LMG 149 was
grown in 40 mL Nutrient Broth (Difco) medium at 28°C for
48 h in the dark and at 100 rpm agitation. The leaves of
sterile A. tinctoria explants provided by IPBGR, HAO Demeter
(Thessaloniki, Greece) were cut and inoculated at different spots
with a syringe filled with a bacterial solution of A. rhizogenes
(OD = 0.5-0.6). Each inoculated leaf was transferred onto solid
Murashige and Skoog (MS, Duchefa) medium supplemented
with 3% sucrose and 0.8% phytoagar (Duchefa) and kept for 1
week at 25°C in the dark until roots appeared. As a control,
non-inoculated leaves were cultivated under the same conditions.
Developing roots (approximately 1 cm in length), were cut off

and transferred weekly (for a period of 3-4 weeks) to a new
MS solid medium containing 1% sucrose, 0.8% phytoagar, and
500 mg/L of cefotaxime. The roots were then propagated in liquid
MS medium supplemented with 3% sucrose (Brigham et al., 1999;
Fukui et al., 1999; Kim et al., 2009).

To evaluate the ability of bacteria to induce A/S production in
the hairy roots of A. tinctoria, a first screening was performed in
6-well plates. The bacteria for this test were selected based either
on their plant growth promoting properties or their enzymatic
activities. Firstly, 7 mL of MS + 1% sucrose medium were added
to each well, followed by the aseptic addition of young root
segments. Bacteria were inoculated to a final OD of 0.001/mL.
One 6-well plate was prepared per strain. In addition, an
uninoculated control plate was prepared. Plates were incubated
in the dark at 100 rpm agitation at 25°C for 1 week. The roots
from individual wells were pooled per plate and lyophilized. The
extraction of A/S was conducted overnight with 8 mg of dried
roots in 250 WL of methanol and the OD was read at 520 nm
(Assimopoulou et al., 2009).

Among seven candidates showing an OD > 0.2 at 520 nm
in the first screening, four were subsequently tested in a larger
volume. Five 100 mL Erlenmeyer filled with 50 mL of MS + 1%
sucrose medium were used per treatment. Pieces of young roots
were then carefully added in each Erlenmeyer and incubated
for 1 week at 25°C (100 rpm). The Erlenmeyers were then
randomized before being inoculated with bacteria to a final OD of
0.001. One uninoculated control (5 replicates) was also prepared.
Erlenmeyers were incubated for 1 week at 25°C (100 rpm). The
roots from each Erlenmeyer were collected and lyophilized. The
extraction was conducted overnight using 40 mg of dried roots
in 1,250 pL of methanol. The OD was read at 520 nm and one-
factor Anova followed by a Neuman-Keuls test was conducted on
the results with the software R x64 3.1.0.

RESULTS

Isolation and Identification of Root
Endophytic Bacteria

For our study nine different populations of endogenous Alkanna
tinctoria from Northern and Southern Greece have been
explored. The first isolation campaign assessed the media that
would allow the growth of a wide diversity of culturable
bacteria and yielded 1,483 isolates. MALDI-TOF mass spectra
of these isolates were compared and grouped, resulting in
914 representative strains that were selected for genotypic
identification by 16S rRNA gene sequencing. This allowed
identification of 142 distinct phylotypes of endophytic bacteria
following the classification threshold values at genus or species
level introduced by Moreira and Loépez-Garcia (2014) and
Yarza et al. (2014). The number of isolates and phylotypes
recovered for each plant sample and medium is available in
Supplementary Table S1. The coverage of bacterial diversity for
each medium tested was obtained by dividing the number of
unique phylotypes from the selected medium by the total number
of phylotypes. The media that yielded the highest diversity were
medium 1/10 869 supplemented with 32 mM allantoin and
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medium 1/10 TSA (Table 1). Moreover, media R2A, 1/10 869
and 1/10 869 supplemented with 0.32 mM allantoin allowed
the cultivation of members of additional genera including
Acidovorax, Micromonospora, Kocuria, Diaminobutyricimonas,
and Muciliginibacter (Supplementary Figure S1).

For the isolation from the second and third collection
campaigns, the media R2A, 1/10 TSA, 1/10 869 and 1/10
869 + 32 mM allantoin were used to maximize the culturable
diversity. Moreover, the first isolation campaign indicated that
extended incubation at 20°Cled to a 15.2% increase in diversity at
higher dilutions. Most of these isolates were slow-growing Gram-
positive bacteria including Mycobacterium sp., Micromonospora
sp., Lysinimonas sp., and Micrococcus sp. Then in further
isolations, the plates were incubated at 20°C for 2 weeks and
colonies were picked after 1 and 2 week(s), respectively.

The second and third isolation campaigns using four media
only yielded 770 and 582 isolates, respectively. Together
with the isolates from the first campaign, this gave 2835
primary bacterial isolates in total. Protein profiles of all
these isolates were compared by MALDI-TOF MS and
grouped. This allowed the selection of 1,428 representative
strains, 914 of which had already been identified by 16S
rRNA gene sequencing in the first isolation campaign. The
remaining 514 representative strains were also identified
by 16S rRNA gene sequencing. In total, among the 1,428
selected representative strains, 197 unique phylotypes were
recovered, belonging to 14 genera of Actinobacteria, 6 genera
of Bacteroidetes, 11 genera of Firmicutes, and 44 genera of
Proteobacteria. Also, three potentially new genera and 40
potentially new species were recovered from the roots of
wild A. tinctoria plants. The bacteria were distributed in
four phyla, i.e., Bacteroidetes, Proteobacteria, Actinobacteria,
and Firmicutes. The plants of the third isolation campaign
yielded relatively more Gram positive bacteria (Actinobacteria
and Firmicutes) compared to the other plants. Similarly, the
plants of the 1st and 2nd isolation campaigns yielded more
Alphaproteobacteria and Gammaproteobacteria, respectively
(Supplementary Figure S2). Most of the isolates belonged
to the Proteobacteria, particularly the Gammaproteobacteria,
Alphaproteobacteria, and Betaproteobacteria. Members of
the genera Pseudomonas were found in eight of the nine

TABLE 1 | Coverage of bacterial diversity of different media, where the number of
unique phylotypes in the selected medium was divided by the total number of
detected phylotypes is given in percentage (%).

Medium Coverage of the diversity in %
1/10 869 30.3
1/10 869 + 0.32 mM allantoin 32.6
1/10 869 + 1.6 mM allantoin 28,0
1/10 869 + 9 mM allantoin 31.8
1/10 869 + 32 mM allantoin 47.0
1/10 869 + Plant extract 8.3
ISP2 22.7
1/10 TSA 40.2
R2A 35.6

plants studied, whereas Pantoea, Xanthomonas and Bacillus
were recovered from seven A. tinctoria plants. Additionally,
representatives of Stenotrophomonas were found in six of the
nine plants (Figure 1). These genera were also isolated from
all the tested media (1/10 869, 1/10 869 + 32 mM allantoin,
1/10 TSA and R2A). The isolates that were less than 94.8%
similar to the type strain of any bacterial species represent
four potentially new genera which are related to Filimonas,
Bordetella, Cohnella and Paenibacillus. Moreover, 40 bacterial
strains that were less than 98.7% similar to the type strain
of any bacterial species probably represent potential new
species. Of these, members of the Bacteroidetes are related to
Chitinophaga, Flavobacterium, Mucilaginibacter, and Pedobacter.
Potentially new species within the Phylum Firmicutes are
related to Bacillus, Cohnella, Domibacillus, Paenibacillus, and
Tumebacillus. Potentially new Proteobacteria isolates are related
to Acinetobacter, Allorhizobium, Beijerinckia, Bradyrhizobium,
Brevundimonas, Janthinobacterium, Massilia, Ochrobactrum,
Pseudomonas, Roseomonas, Rhizobium, Rhizorhapis, Shinella,
Sphingobium, Sphingomonas, and Stenotrophomonas. Finally,
potentially new isolated Actinobacteria members are related to
the genera Cellulomas, Conexibacter, Diaminobutyricimonas,
Lysinimonas, Mycobacterium, and Nocardioides.

Plant Growth-Promoting Activity

One hundred and twenty-seven strains which represented most
of the bacterial diversity recovered, were tested for their
plant growth promoting activity in vitro. The results are
summarized in Figure 2 (additional information is provided in
the Supplementary Table S2). The strains expressing positive
activity for all four tested parameters belonged to the genera
Pseudomonas and Bacillus. The ones expressing positive activity
for at least three of the parameters tested belonged to the genera
Pseudomonas, Pantoea, Inquilinus, Rhizobium, and Bacillus. On
the other hand, bacteria from the genus Stenotrophomonas
seem to only be able to produce siderophores. The partial 16S
sequences of these 127 tested strains are available in GenBank
database under the accession numbers MW353471-MW353597
(Supplementary Table S3).

Enzymatic Activities

Enzymatic activities of the 127 strains are presented in Figure 2
(additional information is provided in Supplementary Table S2).
The cellulase activity seemed to be predominant in the
Rhizobiaceae family, whereas pectinase activity was abundant
among the Bacteroidetes phylum. Among the strains tested,
some showed two degrading activities: pectinase and ligninolytic
activities were detected for R-72191 (Olivibacter sp.), R-72210
(Pseudomonas sp.), R-72249 (Pedobacter sp.), R-72394 (Pantoea
sp.), R-72464 (Xanthomonas sp.), R-7264, and R-74277 (Bacillus
sp.); cellulase and pectinase activities for the strain R-71830
(Brevibacillus sp.) and cellulase and ligninolytic activities for
R-72157 (Rhizorhapis sp.).

Susceptibility Assay
Susceptibility to the antimicrobial activity of alkannin and
shikonin derivatives (in the form of a mixture of A/S pigments)
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Xanthomonas sp (3)
Stenotropl s sp. (5)
Serratia sp. (2)
Pseudoxanthomonas sp. (1)
Pseudomonas sp. (23)
Pantoea sp. (5)
Luteibacter sp. (2)
Lelliottia sp. (1)
Erwinia sp. (2)
Enhydrobacter sp. (1)
Buttiauxella sp. (1)
Acinetobacter sp. (3)
Tumebacillus sp. (3)
Staphylococcus sp. (2)
Solibacillus sp. (1)
Psychrobacillus sp. (1)
Paenibacillus sp. (11)
Lysinibacillus sp. (2)
Domibacillus sp. (2)
Cohnella sp. (3)
Brevibacterium sp. (2)
Brevibacillus sp. (4)
Bacillus sp. (18)
Variovorax sp. (3)
Pigmentiphaga sp. (1)
Massilia sp. (3)
Janthinobacterium sp. (2)
Duganella sp. (1)
Bordetella sp. (1)
Acidovorax sp. (1)
Achromobacter sp. (2)
Pedobacter sp. (6)
Muciliginibacter sp. (1)
Olivibacter sp. (1)
Flavobacterium sp. (4)
Filimonas sp. (1)
Chitinophaga sp. (3)
Tardiphaga sp. (1)
Sphingomonas sp. (3)
Sphingobium sp. (3)
hinella sp. (3)
Roseomonas sp. (4)
Rhizorhapis sp. (1)
Rhizobium sp. (14)
Phyllobacterium sp. (1)
Paradevosia sp. (1)
Paracoccus sp. (1)
Ochrobactrum sp. (1)
Novosphingobium sp. (2)
Neorhizobium sp. (2)
Methylopila sp. (1)
Methylobacterium sp. (1)
Labrys sp. (1)
Inquilinus sp. (1)
Ciceribacter sp. (1)
Caulobacter sp. (2)
Brevundimonas sp. (3)
Bradyrhizobium sp. (2)
Bosea sp. (1)
Beijerinckia sp. (1)
Allorhizobium sp. (1)
Tsukamurella sp. (1)
Plantibacter sp. (1)
Paenarthrobacter sp. (1)
Nocardiodes sp. (1)
Mycobacteroides sp. (1)
Mycobacterium sp. (1)
Micromonospora sp. (2)
Microccocus sp. (2)
Microt ium sp. (2)
Lysinimonas sp. (1)
Kocuria sp. (1)
Diaminobutyricimonas sp. (1)
Conexibacter sp. (1)
Cellulomonas sp. (1)

Genera isolated with the number of phylotypes found for each genus

I Actinobacteria

I Alphaproteobacteria
Bacteroidetes

[l Betaproteobacteria

B Firmicutes

I Gammaproteobacteria

=)
(%)

3 4 5 6 7 8 9
Number or plants

FIGURE 1 | Diversity of genera isolated from wild-growing Alkanna tinctoria
plants and the number of plant individuals in which they were found. The
number of species found per genus is specified in parentheses. Different
colors correspond to specific bacterial phyla or classes.

was studied for the 127 strains tested for PGP and enzymatic
activities. A strain was considered as sensitive to A/S derivatives
when an inhibition zone of more than 1 mm was observed. An
example of the assay is shown in Figure 3. A pattern could be
observed in the susceptibility to the A/S mixture (50 g): all
Gram-positive bacteria tested were sensitive whereas the Gram-
negative bacteria tested were resistant (Figure 2). No such pattern
was observed for ampicillin which was used as a control. As
shown in Figure 3, the halos observed as a result of sensitivity
to A/S derivatives were always smaller in diameter than those
produced as a result of ampicillin sensitivity.

Induction of A/S Derivatives in Hairy

Roots of A. tinctoria

In the first screening, treatments with the following bacteria
resulted in hairy root extracts showing an OD higher than
the control: R-71971 (Brevibacillus sp.), R-72060 (Variovorax
sp.), R-72149 (Filimonas sp.), R-72379 (Allorhizobium sp.),
R-72395 (Duganella sp.), R-72401 (Shinella sp.), R-72406
(Stenotrophomonas sp.), R-73072 (Chitinophaga sp.), R-74161
(Acinetobacter sp.), and R-75348 (Micromonospora sp.) (Table 2).
The seven bacteria resulting in an OD > 0.20 were repeated
in five replicates in a second assay. The one-factor ANOVA
conducted on the results of the second assay showed that the
p-value = 0.00179 was lower than 0.05. The bacterial treatment
had an influence on the A/S content. The comparison made with
the test of Newman Keuls are presented Table 3. Chitinophaga
sp. strain R-73072, Allorhizobium sp. strain R-72379, Massilia sp.
strain R-72395, and Micromonospora sp. strain R-75348 induced
significantly more A/S derivatives in the hairy roots of A. tinctoria
when compared to the uninoculated control.

DISCUSSION

The cultivation of members of Boraginaceae with strong
medicinal value such as A. tinctoria and Lithospermum spp.
has proven to be difficult. For example, Lithospermum spp.
germinate poorly and seedlings are highly susceptible to viral
infections. Additionally, plants can only be harvested 2-3 years
after germination and the in-field maintenance of these plants
has also proved to be difficult (Yazaki, 2017). Applying suitable
endophytes to facilitate plant growth by increasing the plant
biomass and/or by inducing A/S production can be a sustainable
approach toward increasing plant yield and production of these
valuable compounds.

As a first step toward the elucidation of the potential role
of root endophytic bacteria in the production for secondary
metabolites such as A/S derivatives of A. tinctoria, we
isolated and characterized culturable endophytic bacteria from
A. tinctoria roots. In total, 197 unique phylotypes were recovered,
representing 4 phyla. Also, three potentially new genera and 40
potentially new species were recovered from the roots of wild
A. tinctoria plants. Most studies to date involving the isolation
of endophytic bacteria typically use one type of isolation medium
to cultivate a wide range of microorganisms (e.g., nutrient agar or
TSA), a set temperature of 28°C and an incubation time between
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48 and 72 h (Germida et al., 1998; Mbai et al., 2013; Anjum and
Chandra, 2015; Saini et al., 2015). In this study, we showed that
a higher diversity of bacteria can be obtained when more than
one medium is used. Nutrient-poor media such as R2A or diluted
TSA seem better at capturing more diversity than a rich medium
such as ISP2 (Table 1 and Supplementary Figure S1). The latter
is a medium rich in nitrogen and carbon sources and has been
designed for the routine cultivation of Streptomyces sp. (Shirling
and Gottlieb, 1966). However, as it may favor the fast-growing

bacteria, it may be less suitable to isolate slow growing ones.
R2A medium was designed for slow-growing bacteria (Reasoner
and Geldreich, 1985) and medium 1/10 869 for endophytes
(Eevers et al., 2015), whereas TSA medium is non-selective and
allows the growth of a wide range of microorganisms (Leavitt
et al., 1958). The dilution of TSA increased the growth of slow-
growing bacteria when compared to the non-diluted medium.
Changes in the quantity and the quality of the carbon source
and the nature of electrons donors (e.g., succinate, butyrate,
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FIGURE 3 | Susceptibility of strain R-72492 (Bacillus sp.) to the mixture of
alkannin/shikonin derivatives isolated from Alkanna tinctoria roots.

acetate) and acceptors (HEPES solution; Kopke et al., 2005), as
well as the addition of supplements like enzymes or antibiotics to
isolation media are known to generate higher microbial diversity
(Alain and Querellou, 2009). For example, the nitrogen sources
of TSA medium are casein and peptones whereas R2A and
869 media contain yeast extract. Moreover, TSA does not have
additional carbon sources such as glucose. Poor media limit the
risk that fast-growing bacteria eliminate those that grow slower
by outcompeting them for nutrients or by negatively affecting
the growth conditions (pH or the production of metabolites).
Critically, slow-growers or species that grow poorly in vitro
may be naturally abundant in planta (Alain and Querellou,
2009; Kram and Finkel, 2015). Lower temperature and longer
incubation time were also more suited to recovering gram-
positive bacteria such as Actinobacteria. Indeed, studies focusing
on Actinobacteria demonstrated that an incubation period of 3-
4 weeks was necessary for their isolation (Aratjo et al., 2000;
Coombs and Franco, 2003; Misk and Franco, 2011).

While the isolation conditions are important determining
factors for the recovery of bacterial isolates, the diversity observed
here between different roots (Figure 1 and Supplementary
Figure S2) indicates that other factors are also important. For
example, no Gammaproteobacteria such as Pseudomonas sp.,
Xanthomonas sp., or Pantoea sp. seemed to be present in
one of the root samples (Figure 1). Bacterial isolation results
can be biased by the origin and storage conditions of the
biological sample or the colony picking method, in addition
to the isolation conditions, which may have contributed to the
variation in phylotype distribution observed between roots and
isolation campaigns (Supplementary Figure S2). We studied
wild-collected plants from different locations and therefore,

parameters such as the genetics of the plant (Haney et al,
2015), local soil composition (Liu et al., 2019), or the presence
of neighboring plants (Schlatter et al., 2015; Essarioui et al.,
2016) might also influence the diversity of bacteria recovered.
Microbiome analysis as well as the study of the growth conditions
of the plant in its natural environment might shed light on
bacterial variation between samples.

The endophytic bacteria found in most of the root samples
were tested for a number of plant-growth promotion (PGP)
characteristics. The most interesting species for plant growth
promoting activity belong to the genera Pseudomonas, Pantoea,
Inquilinus, Rhizobium, and Bacillus (Figure 2, Supplementary
Table S2). Members of these genera were recovered on all
media used for isolation. The ability to grow easily in vitro
is promising for their application as plant growth promoting
rhizobacteria (PGPRs). Some bacteria showed variable results
were obtained from the ACC deaminase test (Supplementary
Table S2). These bacteria were colored and/or were prone to form
biofilms or clumps which can lead inaccurate spectrophotometric
readings. To overcome this issue, quantitative analysis might be
applied by measuring the amount of a-ketobutyrate at 540 nm
(Penrose and Glick, 2003).

Moreover, several bacteria produced in vitro cell-wall
degrading enzymes such as cellulases, pectinases and ligninases.
These properties facilitate bacterial entry and spread within the
plant tissues and may contribute to the endophytic lifestyle of
these bacteria. Strains belonging to Pseudomonas sp., Pantoea sp.,
Rhizobium sp., and Bacillus sp. expressing PGP and enzymatic
activities (Figure 2 and Supplementary Table S2) might thus
show stronger impact on plant growth or A/S induction due to
their ability to actively colonize the plant.

The resistance assay demonstrated that Gram-negative
bacteria are resistant to the antimicrobial properties of A/S
derivatives (Figure 2 and Supplementary Table S2). Although
the activity of A/S derivatives at 50 pg seemed weak, the
experiment confirmed the antimicrobial properties of these
naphthoquinones. The antimicrobial activity of A/S has been
linked to their ability to form semiquinone radicals by
interacting with reactive oxygen species. They can generate
endogenous superoxide anion radicals, resulting in their
cytotoxicity (Papageorgiou et al,, 2008, 1999; Ordoudi et al.,
2011). The peptidoglycan cell wall of the Gram-positive bacteria
is permeable to molecules with molecular weights in the range
of 30,000-57,000 Da, and hence allows for the entry of many
small antimicrobials which may partially explain their sensitivity
(Lambert, 2002). On the other hand, several mechanisms might
be involved in the resistance of the Gram-negative bacteria
to A/S, especially through redox processes. Chemical and
transcriptomic analyses may provide a better understanding of
the processes involved. Most of the bacteria having a positive
effect in the in vitro plant growth promoting activities tested
were Gram-negative and thus resistant to A/S derivatives. This
resistance may provide a competitive advantage for colonizing
the plant and living in the root tissues. Consequently, the plant
may select for plant growth promoting bacteria through the
production of A/S derivatives. Alternatively, sensitive bacteria
may colonize the plant shortly after germination when the A/S
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TABLE 2 | Optical density at 520 nm reflecting the total A/S content of hairy roots extracts of Alkanna tinctoria treated with selected bacteria.

Strain Identification OD 520 nm Strain Identification OD 520 nm

Control 0.175 R-72269 Chitinophaga sp. 0.166
R-71838 Pseudomonas sp. 0.124 R-72367 Achromobacter sp. 0.158
R-71842 Pseudomonas sp. 0.167 R-72379 Allorhizobium sp. 0.222
R-71875 Bacillus sp. 0.163 R-72395 Massilia sp. 0.201
R-71922 Bacillus sp. 0.160 R-72401 Shinella sp. 0.192
R-71971. Brevibacillus sp. 0.244 R-72406 Stenotrophomonas sp. 0.189
R-72039 Muciliginibacter sp. 0.149 R-72433 Rhizobium sp. 0.170
R-72060 Variovorax sp. 0.207 R-72495 Variovorax sp. 0.172
R-72074 Pseudomonas sp. 0.138 R-72498 Pantoea sp. 0.115
R-72097 Caulobacter sp. 0.163 R-72501 Inquilinus sp. 0.146
R-72135 Pseudomonas sp. 0.132 R-73072 Chitinophaga sp. 0.200
R-72149 Filimonas sp. 0.180 R-73074 Bradyrhizobium sp. 0.170
R-72160 Rhizobium sp. 0.162 R-73098 Xanthomonas sp. 0.129
R-72191 Olivibacter sp. 0.167 R-73110 Luteibacter sp. 0.124
R-72210 Pseudomonas sp. 0.157 R-74161 Acinetobacter sp. 0.223
R-72249 Pedobacter sp. 0.153 R-74611 Paenarthrobacter sp. 0.162
R-72251 Xanthomonas sp. 0.142 R-75348 Micromonospora sp. 0.231

The values in bold are higher than the OD value of the uninoculated control.

TABLE 3 | Comparisons of the OD 520 nm reflecting the total A/S content of hairy
roots extracts of Alkanna tinctoria inoculated with the best bacterial candidates
with Neuman Keuls test.

Strain Identification OD 520 nm

Control 0.075b
R-73072 Chitinophaga sp. 0.120 a
R-72379 Allorhizobium sp. 0.113a
R-75348 Micromonospora sp. 0.108 a
R-72395 Massilia sp. 0.106 a
R-72060 Variovorax sp. 0.097 ab
R-74161 Acinetobacter sp. 0.092 ab
R-71971 Brevibacillus sp. 0.090 ab

Significant differences are highlighted in bold with different letters.

derivatives content is low or they may be present in the seed and
are vertically transmitted (Truyens et al.,, 2014). In the future,
these hypotheses might be tested by inoculating isolates that
are sensitive to A/S at different plant growth stages and by
tracking their presence and abundance within the plant, thus
establishing whether or not these strains can colonize and survive
in the plant or not.

Studies have shown that in the hairy roots of A. tinctoria,
A/S derivatives are produced by root border cells of the growing
root tips. They are then sequestered as lipid granules in the
phospholipid layer of these cells and accumulate in apoplastic
spaces. However, how the A/S derivatives are secreted into the
environment still remains unclear. Nevertheless, it is known
that this process results from plant stress and involves the actin
filaments (Brigham et al., 1999; Tatsumi et al., 2016). Depending
on where the bacteria colonize the plant, it is possible that they
do not come into contact with A/S derivatives. Colonization
assays can provide insights into the relationship between plant

individuals and bacteria in the presence of alkannins and
shikonins. Moreover, it has been shown that ethylene regulates
the colonization of plant tissue by bacteria: the absence of
ethylene in a plant or the addition of an ethylene inhibitor leads to
a higher degree of colonization. Bacteria that are able to affect the
ethylene level are more competent at colonizing plants (Hardoim
et al., 2008; Liu et al., 2017). The modulation of plant ethylene
levels by bacteria can occur by cleavage of 1-aminocyclopropane-
1-carboxylate (ACC), a precursor of ethylene or by inhibiting
ACC synthase and/or B-cystathionase, both being enzymes
involved in the ethylene biosynthesis pathway (Hardoim et al.,
2008; Liu et al., 2017). To confirm whether bacteria can effectively
colonize and positively affect the plant growth and the total A/S
content, in planta tests must be performed.

Chitinophaga sp. strain R-73072, Allorhizobium sp. strain R-
72379, Massilia sp. strain R-72395, and Micromonospora sp. strain
R-75348 showed the ability to directly induce A/S production
in A. tinctoria hairy root cultures. Hairy roots are genetically
modified plant material (Gutierrez-Valdes et al., 2020). The use
of MS + 1% sucrose medium, which is a poor medium for
bacterial culture, as well as the presence of agitation, might
affect the ability of the bacteria to colonize the roots or their
abilities to produce biofilm and/or metabolites. During plant
colonization, the production of bacterial enzymes or metabolites
may induce the production of A/S derivatives by the plant.
Our hairy root system served as a general screening tool and
may be not optimized for specific plant-bacteria interactions.
It might therefore underestimate the number of A/S inducers.
Nonetheless, in vitro whole plant systems usually employ growth
medium similar to MS (Phillips and Garda, 2019) and therefore
bacteria showing inducing properties in hairy roots can likely
induce A/S in vitro plant system. The bacterial strains R-73072,
R-72379, and R-72395 inducing A/S in our system, expressed
cell-wall degrading enzymatic activities (pectinase or ligninase)
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in vitro. Competent endophytes are able to release cell wall
degrading enzymes such as cellulases, xylanases, pectinases,
and endoglucanases, which facilitate bacterial entry and spread
within the plant tissues (Kandel et al., 2017; Pinski et al., 2019).
Nonetheless, colonization remains an invasive process and thus
might induce plant defense response, resulting in the synthesis
of plant antimicrobials. Alkannin and shikonin derivatives show
antimicrobial activities and can thus be considered as plant
defense compounds.

Although R-75348 did not show any cell-wall degrading
activities in wvitro, several studies have demonstrated that
Micromonospora species do have a role in the breakdown of plant
cell walls through the production of hydrolytic enzymes (Hirsch
and Valdés, 2010; Trujillo et al, 2015). Our test conditions
may not have been suitable for this strain. Alternatively,
genome analysis might reveal the presence of such enzymes.
Moreover, Micromonospora sp. is also known to produce
antibiotics (Boumehira et al., 2016). Inducing the production of
A/S derivatives may depend on plant-bacteria communication
through such metabolites. Indeed, some molecules are described
as antibiotics because of their effect on microorganisms under
in vitro conditions although their function in the natural habitat
can be different. Such molecules can play a role in plant-microbe
interactions but can also act as Microbe-Associated Molecular
Patterns (MAMPs). MAMPs are resistance-inducing stimuli
recognized by specific plant receptors (Kohl et al., 2019). They
can also induce pathways involved in plant defense responses.

We hypothesize that the endophyte’s production of cell-wall
degrading enzymes and/or secondary metabolites during plant
colonization may cause a plant stress resulting in the production
of alkannin and shikonin derivatives.

This study demonstrated the importance of the isolation
conditions for the diversity of endophytic isolates recovered from
plant roots of A. tinctoria. Nutrient-poor isolation media coupled
with an incubation temperature of 20°C and an incubation period
of a minimum of 2 weeks allowed for a recovery of a high
diversity of culturable endophytic bacteria from A. tinctoria.
Although these findings should be validated in greenhouse or
field conditions, the positive in vitro results found regarding
potential plant growth promotion features suggest that some of
these bacteria might be valuable for future in planta applications.
These can be of agronomical interest to boost biomass production
or crop yield. Such endophytes also have the potential to increase
the yield of secondary metabolites such as A/S derivatives from

REFERENCES

Abd_Allah, E. F., Algarawi, A. A., Hashem, A., Radhakrishnan, R., Al-Hugail, A. A.,
Al-Otibi, F. O. N,, et al. (2017). Endophytic bacterium Bacillus subtilis (BERA
71) improves salt tolerance in chickpea plants by regulating the plant defense
mechanisms. J. Plant Interact. 13, 37-44. doi: 10.1080/17429145.2017.141
4321

Ahmed, E., and Holmstrom, J. M. (2014). Siderophores in environmental research:
roles and applications. Microb. Biotechnol. 7, 196-208. doi: 10.1111/1751-7915.
12117

Alain, K., and Querellou, J. (2009). Cultivating the uncultured: limits, advances
and future challenges. Extremophiles 13, 583-594. doi: 10.1007/s00792-009-
0261-3f

these medicinal plants by increasing the total biomass. As
demonstrated in our study, certain endophytes can also induce
A/S production in the roots, probably through to the recognition
of bacteria by the plant. These findings open-up the perspective
of using a combination of endophytes with the potential for
plant growth promotion and induction of secondary metabolite
production as a sustainable approach toward increasing the
production of secondary metabolites in selected medicinal plants.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and accession number(s) can be found in the article/
Supplementary Material.

AUTHOR CONTRIBUTIONS

AW, CS, AAs, and NF designed the study and secured the
funding. AR, HN, and AAl designed and performed the
experiments. AR analyzed the data and wrote the manuscript. All
authors edited, proofread, and approved the manuscript.

FUNDING

This project (Micrometabolite) has received funding from the
European Union’s Horizon 2020 Research and Innovation
Programme under the Marie Sklodowska-Curie grant agreement
no. 721635.

ACKNOWLEDGMENTS

We would like to thank our colleague Stephanie Fordeyn for
language advise and proofreading of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.633488/full#supplementary- material

Anjum, N., and Chandra, R. (2015). Endophytic bacteria: optimizaton of
isolation procedure from various medicinal plants and their preliminary
characterization. Asian J. Pharm. Clin. Res. 8, 233-238.

Apine, O. A., and Jadhayv, J. P. (2011). Optimization of medium for indole-3-acetic
acid production using Pantoea agglomerans strain PVM. J. Appl. Microbiol. 110,
1235-1244. doi: 10.1111/j.1365-2672.2011.04976.x

Aratjo, J. M., Silva, A. C., and Azevedo, J. L. (2000). Isolation of endophytic
actinomycetes from roots and leaves of maize (Zea mays L.). Braz. Arch. Biol.
Technol. 43, 447-451. doi: 10.1590/S1516-89132000000400016

Asghari, S., Harighi, B., Ashengroph, M., Clement, C., Aziz, A., Esmaeel, Q.,
et al. (2020). Induction of systemic resistance to Agrobacterium tumefaciens by
endophytic bacteria in grapevine. Plant Pathol. 69, 827-837. doi: 10.1111/ppa.
13175

Frontiers in Microbiology | www.frontiersin.org

February 2021 | Volume 12 | Article 633488


https://www.frontiersin.org/articles/10.3389/fmicb.2021.633488/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.633488/full#supplementary-material
https://doi.org/10.1080/17429145.2017.1414321
https://doi.org/10.1080/17429145.2017.1414321
https://doi.org/10.1111/1751-7915.12117
https://doi.org/10.1111/1751-7915.12117
https://doi.org/10.1007/s00792-009-0261-3f
https://doi.org/10.1007/s00792-009-0261-3f
https://doi.org/10.1111/j.1365-2672.2011.04976.x
https://doi.org/10.1590/S1516-89132000000400016
https://doi.org/10.1111/ppa.13175
https://doi.org/10.1111/ppa.13175
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Rat et al.

Endophytic Bacteria From Alkanna tinctoria

Assimopoulou, A. N., Ganzera, M., Stuppner, H., and Papageorgiou, V. P.
(2008). Simultaneous determination of monomeric and oligomeric alkannins
and shikonins by high-performance liquid chromatography-diode array
detection-mass spectrometry. Biomed. Chromatogr. 22, 173-190. doi: 10.1002/
bmc.912

Assimopoulou, A., Sturm, S., Stuppner, H., and Papageorgiou, V. (2009).
Preparative isolation and purification of alkannin/shikonin derivatives from
natural products by high-speed counter-current chromatography. Biomed.
Chromatogr. 23, 182-198. doi: 10.1002/bmc.1101

Bandounas, L., Wierckx, N., de Winde, J., and Ruijssenaars, H. (2011). Isolation
and characterization of novel bacterial strains exhibiting ligninolytic potential.
BMC Biotechnol. 11:94. doi: 10.1186/1472-6750-11-94

Barman, D., and Bhattacharjee, K. (2020). “Chapter 8 Endophytic bacteria
associated with medicinal plants: the treasure trove of antimicrobial
compounds,” in Medically Important Plant Biomes, eds D. Egamberdieva and
A. Tiezzi (Singapore: Springer), 153-187. doi: 10.1007/978-981-13-9566-6

Bauer, A. W., Kirby, W. M. M,, Sherris, J. C., and Turck, M. (1966). Antibiotic
susceptibility testing by a standardized single disk method. Am. J. Clin. Pathol.
45, 493-496. doi: 10.1093/ajcp/45.4_ts.493

Belova, S. E., Ravin, N. V., Pankratov, T. A., Rakitin, A. L., Ivanova, A. A.,
Beletsky, A. V., et al. (2018). Hydrolytic capabilities as a key to environmental
success: chitinolytic and cellulolytic Acidobacteria from acidic sub-arctic soils
and boreal peatlands. Front. Microbiol. 9:2775. doi: 10.3389/fmicb.2018.02775

Berendsen, R. L., Pieterse, C. M. ]., and Bakker, P. A. H. M. (2012). The rhizosphere
microbiome and plant health. Trends Plant Sci. 17, 478-486. doi: 10.1016/j.
tplants.2012.04.001

Boumehira, A., El-Enshasy, H., Hacéne, H., Elsayed, E., Aziz, R, and Park, E.
(2016). Recent progress on the development of antibiotics from the genus
Micromonospora. Biotechnol. Bioprocess Eng. 21, 199-223. doi: 10.1007/s12257-
015-0574-2

Brader, G., Compant, S., Mitter, B., Trognitz, F., and Sessitsch, A. (2014). Metabolic
potential of endophytic bacteria. Curr. Opin. Biotechnol. 27, 30-37. doi: 10.
1016/j.copbio.2013.09.012

Brigham, L. A., Michaels, P. J., and Flores, H. E. (1999). Cell-specific production
and antimicrobial activity of naphthoquinones in roots of Lithospermum
erythrorhizon. Plant Physiol. 119, 417-428. doi: 10.1104/pp.119.2.417

Chandra, S., Askari, K., and Kumari, M. (2018). Optimization of indole acetic
acid production by isolated bacteria from Stevia rebaudiana rhizosphere and
its effects on plant growth. J. Genet. Eng. Biotechnol. 16, 581-586. doi: 10.1016/
j.jgeb.2018.09.001

Coombs, J. T., and Franco, C. M. M. (2003). Isolation and identification of
Actinobacteria from surface-sterilized wheat roots. Appl. Environ. Microbiol. 69,
5603-5608. doi: 10.1128/AEM.69.9.5603-5608.2003

Dresler, S., Szymczak, G., and Wojcik, M. (2017). Comparison of some secondary
metabolite content in the seventeen species of the Boraginaceae family. Pharm.
Biol. 55, 691-695. doi: 10.1080/13880209.2016.1265986

Dumolin, C., Aerts, M., Verheyde, B., Schellaert, S., Vandamme, T., Van der
Jeugt, F., et al. (2019). Introducing SPeDE: high-throughput dereplication
and accurate determination of microbial diversity from matrix-assisted
laser desorption-ionization time of flight mass spectrometry data. mSystems
4:¢00437-19. doi: 10.1128/mSystems.00437-19

Eevers, N., Gielen, M., Sdnchez-Lopez, A., Jaspers, S., White, J. C., Vangronsveld, J.,
et al. (2015). Optimization of isolation and cultivation of bacterial endophytes
through addition of plant extract to nutrient media. Microb. Biotechnol. 8,
707-715. doi: 10.1111/1751-7915.12291

Essarioui, A., Kistler, H. C., and Kinkel, L. L. (2016). Nutrient use preferences
among soil Streptomyces suggest greater resource competition in monoculture
than polyculture plant communities. Plant Soil 409, 329-343. doi: 10.1007/
s11104-016-2968-0

Fukui, H., Hasan, A., and Kyo, M. (1999). Formation and secretion of a unique
quinone by hairy root cultures of Lithospermum erythrorhizon. Phytochemistry
51, 511-515. doi: 10.1016/S0031-9422(99)00024-2

Germida, J., Siciliano, S., Renato de Freitas, J., and Seib, A. (1998). Diversity
of root-associated bacteria associated with field-grown canola (Brassica napus
L.) and wheat (Triticum aestivum L.). FEMS Microbiol. Ecol. 26, 43-50. doi:
10.1016/S0168-6496(98)00020-8

Ghyselinck, J., Velivelli, S. L. S., Heylen, K., O’Herlihy, E., Franco, J., Rojas, M.,
et al. (2013). Bioprospecting in potato fields in the central andean highlands:

screening of rhizobacteria for plant growth-promoting properties. Syst. Appl.
Microbiol. 36, 116-127. doi: 10.1016/j.syapm.2012.11.007

Gutierrez-Valdes, N., Hikkinen, S., Lemasson, C., Guillet, M., Oksman-Caldentey,
K., Ritala, A., et al. (2020). Hairy root cultures—a versatile tool with multiple
applications. Front. Plant Sci. 11:33. doi: 10.3389/fpls.2020.00033

Haney, C. H., Samuel, B. S., Bush, J., and Ausubel, F. M. (2015). Associations with
rhizosphere bacteria can confer an adaptive advantage to plants. Nat. Plants
1:15051. doi: 10.1038/nplants.2015.51

Hardoim, P. R, van Overbeek, L. S., and Dirk van Elsas, J. D. (2008). Properties of
bacterial endophytes and their proposed role in plant growth. Trends Microbiol.
16, 463-471. doi: 10.1016/j.tim.2008.07.008

Hirsch, A., and Valdés, M. (2010). Micromonospora: an important microbe for
biomedicine and potentially for biocontrol and biofuels. Soil Biol. Biochem. 42,
536-542. doi: 10.1016/j.s0ilbi0.2009.11.023

Huang, R, Zhang, Z., Xiao, X., Zhang, N., Wang, X., Yang, Z., et al. (2019).
Structural changes of soil organic matter and the linkage to rhizosphere
bacterial communities with biochar amendment in manure fertilized soils. Sci.
Total Environ. 692, 333-343. doi: 10.1016/j.scitotenv.2019.07.262

Jain, C., Rodriguez-R, L. M., Phillippy, A. M., Konstantinidis, K. T., and Aluru,
S. (2018). High throughput ANI analysis of 90K prokaryotic genomes reveals
clear species boundaries. Nat. Commun. 9:5114. doi: 10.1038/s41467-018-
07641-9

Jung, B. K., Hong, S.-J., Park, G.-S., Kim, M.-C., and Shin, J.-H. (2018). Isolation
of Burkholderia cepacia JBK9 with plant growth promoting activity while
producing pyrrolnitrin antagonistic to plant fungal diseases. Appl. Biol. Chem.
61, 173-180. doi: 10.1007/s13765-018-0345-9

Kandel, S., Joubert, P., and Doty, S. (2017).
colonization and distribution within plants.
doi: 10.3390/microorganisms5040077

Kim, Y., Li, X, Xu, H., Park, N. I, Uddin, M., Pyon, J., et al. (2009). Production
of phenolic compounds in hairy root culture of tartary buckwheat (Fagopyrum
tataricum Gaertn). J. Crop Sci. Biotechnol. 12, 53-57. doi: 10.1007/s12892-009-
0075-y

Koberl, M., Schmidt, R., Ramadan, E., Bauer, R., and Berg, G. (2013). The
microbiome of medicinal plants: diversity and importance for plant growth,
quality and health. Front. Microbiol. 4:400. doi: 10.3389/fmicb.2013.00400

Kohl, J., Kolnaar, R., and Ravensberg, W. J. (2019). Mode of action of microbial
biological control agents against plant diseases: relevance beyond efficacy.
Front. Plant Sci. 10:845. doi: 10.3389/fpls.2019.00845

Képke, B., Wilms, R., Engelen, B., Cypionka, H., and Sass, H. (2005). Microbial
diversity in coastal subsurface sediments: a cultivation approach using various
electron acceptors and substrate gradients. Appl. Environ. Microbiol. 71, 7819~
7830. doi: 10.1128/AEM.71.12.7819-7830.2005

Kram, K. E., and Finkel, S. E. (2015). Rich medium composition affects
Escherichia coli survival, glycation, and mutation frequency during long-Term
batch culture. Appl. Environ. Microbiol. 81, 4442-4450. doi: 10.1128/ AEM.007
22-15

Lambers, H., Mougel, C., Jaillard, B., and Hinsinger, P. (2009). Plant-microbe-
soil interactions in the rhizosphere: an evolutionary perspective. Plant Soil 321,
83-115. doi: 10.1007/s11104-009-0042-x

Lambert, P. A. (2002). Cellular impermeability and uptake of biocides and
antibiotics in Gram-positive bacteria and mycobacteria. J. Appl. Microbiol. 92,
46S-54S. doi: 10.1046/j.1365-2672.92.5s1.7.x

Leavitt, J. M., Naidorf, L J., and Shugaevsky, P. (1958). The bacterial flora of root
canals as disclosed by a culture medium for endodontics. Oral Surg. Oral Med.
Oral Pathol. 11, 302-308. doi: 10.1016/0030-4220(58)90030-6

Letunic, L, and Bork, P. (2019). Interactive Tree Of Life (iTOL) v4: recent updates
and new developments. Nucleic Acids Res. 47, W256-W259. doi: 10.1093/nar/
gkz239

Liu, F., Hewezi, T., Lebeis, S. L., Pantalone, V., Parwinder, S. G., and Staton,
M. E. (2019). Soil indigenous microbiome and plant genotypes cooperatively
modify soybean rhizosphere microbiome assembly. BMC Microbiol. 19:201.
doi: 10.1186/s12866-019-1572-x

Liu, H., Carvalhais, L., Crawford, M., Singh, E., Dennis, P., Pieterse, C., et al.
(2017). Inner plant values: diversity, colonization and benefits from endophytic
bacteria. Front. Microbiol. 8:2552. doi: 10.3389/fmicb.2017.02552

Lopez-Mondéjar, R., Ziihlke, D., Becher, D., Riedel, K., and Baldrian, P. (2016).
Cellulose and hemicellulose decomposition by forest soil bacteria proceeds by

Bacterial endophyte
Microorganisms  5:77.

Frontiers in Microbiology | www.frontiersin.org

February 2021 | Volume 12 | Article 633488


https://doi.org/10.1002/bmc.912
https://doi.org/10.1002/bmc.912
https://doi.org/10.1002/bmc.1101
https://doi.org/10.1186/1472-6750-11-94
https://doi.org/10.1007/978-981-13-9566-6
https://doi.org/10.1093/ajcp/45.4_ts.493
https://doi.org/10.3389/fmicb.2018.02775
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1016/j.tplants.2012.04.001
https://doi.org/10.1007/s12257-015-0574-2
https://doi.org/10.1007/s12257-015-0574-2
https://doi.org/10.1016/j.copbio.2013.09.012
https://doi.org/10.1016/j.copbio.2013.09.012
https://doi.org/10.1104/pp.119.2.417
https://doi.org/10.1016/j.jgeb.2018.09.001
https://doi.org/10.1016/j.jgeb.2018.09.001
https://doi.org/10.1128/AEM.69.9.5603-5608.2003
https://doi.org/10.1080/13880209.2016.1265986
https://doi.org/10.1128/mSystems.00437-19
https://doi.org/10.1111/1751-7915.12291
https://doi.org/10.1007/s11104-016-2968-0
https://doi.org/10.1007/s11104-016-2968-0
https://doi.org/10.1016/S0031-9422(99)00024-2
https://doi.org/10.1016/S0168-6496(98)00020-8
https://doi.org/10.1016/S0168-6496(98)00020-8
https://doi.org/10.1016/j.syapm.2012.11.007
https://doi.org/10.3389/fpls.2020.00033
https://doi.org/10.1038/nplants.2015.51
https://doi.org/10.1016/j.tim.2008.07.008
https://doi.org/10.1016/j.soilbio.2009.11.023
https://doi.org/10.1016/j.scitotenv.2019.07.262
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.1038/s41467-018-07641-9
https://doi.org/10.1007/s13765-018-0345-9
https://doi.org/10.3390/microorganisms5040077
https://doi.org/10.1007/s12892-009-0075-y
https://doi.org/10.1007/s12892-009-0075-y
https://doi.org/10.3389/fmicb.2013.00400
https://doi.org/10.3389/fpls.2019.00845
https://doi.org/10.1128/AEM.71.12.7819-7830.2005
https://doi.org/10.1128/AEM.00722-15
https://doi.org/10.1128/AEM.00722-15
https://doi.org/10.1007/s11104-009-0042-x
https://doi.org/10.1046/j.1365-2672.92.5s1.7.x
https://doi.org/10.1016/0030-4220(58)90030-6
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1186/s12866-019-1572-x
https://doi.org/10.3389/fmicb.2017.02552
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Rat et al.

Endophytic Bacteria From Alkanna tinctoria

the action of structurally variable enzymatic systems. Sci. Rep. 6:25279. doi:
10.1038/srep25279

Louden, B. C,, Lynne, A. M., and Haarmann, D. (2011). Use of Blue Agar CAS assay
for siderophore detection. J. Microbiol. Biol. Educ. 12, 51-53. doi: 10.1128/jmbe.
v12il1.249

Mabrouk, Y., Hemissi, I, Salem, I. B., Mejri, S., Saidi, M., and Belhadj, O. (2018).
“Potential of rhizobia in improving nitrogen fixation and yields of legumes,” in
Symbiosis, ed. E. C. Rigobelo (London: IntechOpen). doi: 10.5772/intechopen.
73495

Maggini, V., De Leo, M., Mengoni, A., Gallo, E., Miceli, E., Reidel, R,, et al.
(2017). Plant-endophytes interaction influences the secondary metabolism in
Echinacea purpurea (L.) Moench: an in vitro model. Sci. Rep. 7:16924. doi:
10.1038/s41598-017-17110-w

Mbai, F. N., Magiri, E. N., Matiru, V. N., Ng’ang’a, ]., and Nyambati, V. C. S. (2013).
Isolation and characterisation of bacterial root endophytes with potential to
enhance plant growth from Kenyan Basmati Rice. Am. Int. J. Contemp. Res. 3,
25-40.

Misk, A., and Franco, C. (2011). Biocontrol of chickpea root rot using
endophytic actinobacteria. BioControl 56, 811-822. doi: 10.1007/s10526-011-
9352-z

Mohite, B. (2013). Isolation and characterization of indole acetic acid (IAA)
producing bacteria from rhizospheric soil and its effect on plant growth.
J. Soil Sci. Plant Nutr. 13, 638-649. doi: 10.4067/S0718-9516201300500
0051

Monnanda, S. N., Harischandra, S. P., and Mysore, V. T. (2020). “Chapter
13 Bioactive potentials of novel molecules from the endophytes of
medicinal plants,” in Medically Important Plant Biomes, eds D. Egamberdieva
and A. Tiezzi (Singapore: Springer), 293-355. doi: 10.1007/978-981-13-
9566-6

Moreira, D., and Lopez-Garcia, P. (2014). “Phylotype,” in Encyclopedia of
Astrobiology, eds R. Amils, M. Gargaud, J. Cernicharo Quintanilla, H. J. Cleaves,
W. M. Irvine, D. Pinti, et al. (Heidelberg: Springer). doi: 10.1007/978-3-642-
27833-4_1210-3

Nautiyal, C. S. (1999). An efficient microbiological growth medium for screening
phosphate solubilizing microorganisms. FEMS Microbiol. Lett. 170, 265-270.
doi: 10.1111/§.1574-6968.1999.tb13383.x

Niemann, S., Piiehler, A., Tichy, H.-V., Simon, R., and Selbitschka, W. (1997).
Evaluation of the resolving power of three different DNA fingerprinting
methods to discriminate among isolates of a natural Rhizobium meliloti
population. J. Appl. Microbiol. 82, 477-484. doi: 10.1046/j.1365-2672.1997.
00141.x

Ordoudi, S. A., Tsermentseli, S. K., Nenadis, N., Assimopoulou, A. N., Tsimidou,
M. Z., and Papageorgiou, V. (2011). Structure-radical scavenging activity
relationship of alkannin/shikonin derivatives. Food Chem. 124, 171-176. doi:
10.1016/j.foodchem.2010.06.004

Orlikowska, T., Nowak, K., and Reed, B. (2017). Bacteria in the plant tissue
culture environment. Plant Cell Tissue Organ Cult. (PCTOC) 128, 487-508.
doi: 10.1007/s11240-016-1144-9

Pandey, S. S., Singh, S., Pandey, H., Srivastava, M., Ray, T., Soni, S., et al.
(2018). Endophytes of Withania somnifera modulate in planta content and
the site of withanolide biosynthesis. Sci. Rep. 8:5450. doi: 10.1038/541598-018-
23716-5

Papageorgiou, V., Assimopoulou, A. N., and Ballis, A. (2008). Alkannins and
shikonins: a new class of wound healing agents. Curr. Med. Chem. 15, 3248-
3267. doi: 10.2174/092986708786848532

Papageorgiou, V., Assimopoulou, A. N., Couladouros, E. A., Hepworth, D., and
Nicolaou, K. C. (1999). The chemistry and biology of alkannin, shikonin,
and related naphthazarin natural products. Angew. Chem. Int. Ed. 38,
270-301. doi: 10.1002/(SICI)1521-3773(19990201)38:3<270::AID-ANIE270<3.
0.CO52-0

Patten, C. L., and Glick, B. R. (2002). Role of Pseudomonas putida indole acetic
acid in development of the host plant root system. Appl. Environ. Microbiol. 68,
3795-3801. doi: 10.1128/AEM.68.8.3795-3801.2002

Penrose, D. M. and Glick, B. R. (2003). Methods for isolating and
characterizing ACC  deaminase-containing plant  growth-promoting
rhizobacteria. Physiol. Plant. 118, 10-15. doi: 10.1034/j.1399-3054.2003.
00086.x

Phillips, G., and Garda, M. (2019). Plant tissue culture media and practices: an
overview. In Vitro Cell. Dev. Biol. Plant 55, 242-257. doi: 10.1007/s11627-019-
09983-5

Pinski, A., Betekhtin, A., Hupert-Kocurek, K., Mur, L., and Hasterok, R. (2019).
Defining the genetic basis of plant-endophytic bacteria interactions. Int. J. Mol.
Sci. 20:8. doi: 10.3390/ijms20081947

Poulsen, H. V., Willink, F. W., and Ingvorsen, K. (2016). Aerobic and anaerobic
cellulase production by Cellulomonas uda. Arch. Microbiol. 198, 725-735. doi:
10.1007/500203-016-1230-8

Ramey, B., Koutsoudis, M., Bodman, S., and Fuqua, C. (2004). Biofilm formation
in plant-microbe associations. Curr. Opin. Microbiol. 7, 602-609. doi: 10.1016/
j.mib.2004.10.014

Reasoner, D. J., and Geldreich, E. E. (1985). A new medium for the enumeration
and subculture of bacteria from potable water. Appl. Environ. Microbiol. 49,
1-7.

Ryan, R., Germaine, K., Franks, A., Ryan, D., and Dowling, D. (2008). Bacterial
endophytes: recent developments and applications. FEMS Microbiol. Lett. 278,
1-9. doi: 10.1111/j.1574-6968.2007.00918.x

Saini, R., Dudeja, S., Giri, R., and Kumar, V. (2015). Isolation, characterization, and
evaluation of bacterial root and nodule endophytes from chickpea cultivated
in Northern India. J. Basic Microbiol. 55, 74-81. doi: 10.1002/jobm.20130
0173

Sasse, J., Martinoia, E., and Northen, T. (2018). Feed your friends: do plant exudates
shape the root microbiome ? Trends Plant Sci. 23, 25-41. doi: 10.1016/j.tplants.
2017.09.003

Schlatter, D. C., Bakker, M. G., Bradeen, J. M., and Kinkel, L. L. (2015).
Plant community richness and microbial interactions  structure
bacterial communities in soil. Ecology 96, 134-142. doi: 10.1890/13-
1648.1

Sengul, M., Yildiz, H., Gungor, N., Cetin, B., Eser, Z., and Ercisli, S. (2009). Total
phenolic content, antioxidant and antimicrobial activities of some medicinal
plants. Pak. J. Pharm. Sci. 22, 102-106.

Shirling, E. B., and Gottlieb, D. (1966). Methods for characterization of
Streptomyces species. Int. J. Syst. Bacteriol. 16, 313-340. doi: 10.1099/00207713-
16-3-313

Singh, R. S., Gara, R. K., Bhardwaj, P. K., Kaachra, A., Malik, S., Kumar, R,
et al. (2010). Expression of 3-hydroxy-3-methylglutaryl-CoA reductase,
p-hydroxybenzoate-m-geranyltransferase and genes of phenylpropanoid
pathway exhibits positive correlation with shikonins content in
arnebia [Arnebia euchroma (Royle) Johnston]. BMC Mol. Biol. 11:88.
doi: 10.1186/1471-2199-11-88

Strid, A. (2016). “Part 1: text and plates” & “Part 2: maps,” in Atlas of the Aegean
Flora, Vol. Englera 33 (Berlin: Botanic Garden and Botanical Museum Berlin).
doi: 10.1017/50960428616000172

Tan, R., and Zou, W. (2001). Endophytes: a rich source of functional metabolites
(1987 to 2000). Nat. Prod. Rep. 18, 448-459.

Tappeiner, J., Vasiliou, A., Ganzera, M., Fessas, D., Stuppner, H., Papageorgiou,
V., et al. (2013). Quantitative determination of alkannins and shikonins in
endemic mediterranean Alkanna species. Biomed. Chromatogr. 28, 923-933.
doi: 10.1002/bmc.3096

Tatsumi, K., Yano, M., Kaminade, K., Sugiyama, A. Sato, M., Toyooka,
K., et al. (2016). Characterization of shikonin derivative secretion in
Lithospermum erythrorhizon hairy roots as a model of lipid-soluble metabolite
secretion from plants. Front. Plant Sci. 7:1066. doi: 10.3389/fpls.2016.
01066

Trujillo, M., Riesco, R., Benito, P., and Carro, L. (2015). Endophytic
Actinobacteria and the interaction of Micromonospora and nitrogen
fixing plants. Front. Microbiol.  6:1341. doi:  10.3389/fmicb.2015.
01341

Truyens, S., Weyens, N., Cuypers, A., and Vangronsveld, J. (2014). Bacterial
seed endophytes: genera, vertical transmission and interaction with
plants. Environ. Microbiol. Rep. 7, 40-50. doi: 10.1111/1758-2229.
12181

Tung, N. H,, Du, G.-J., Yuan, C.-S., Shoyama, Y., and Wang, C.-Z. (2013). Isolation
and chemopreventive evaluation of novel naphthoquinone compounds from
Alkanna tinctoria. Anticancer Drugs 24, 1058-1068. doi: 10.1097/CAD.
0000000000000017

Weyens, N., Schellingen, K., Beckers, B., Janssen, J., Ceulemans, R., van der Lelie,
D., et al. (2012). Potential of willow and its genetically engineered associated
bacteria to remediate mixed Cd and toluene contamination. J. Soils Sediments
13, 176-188. doi: 10.1007/s11368-012-0582- 1

Yarza, P., Yilmaz, P., Pruesse, E., Glockner, F. O., Ludwig, W., Schleifer, K.-H.,
et al. (2014). Uniting the classification of cultured and uncultured bacteria

Frontiers in Microbiology | www.frontiersin.org

February 2021 | Volume 12 | Article 633488


https://doi.org/10.1038/srep25279
https://doi.org/10.1038/srep25279
https://doi.org/10.1128/jmbe.v12i1.249
https://doi.org/10.1128/jmbe.v12i1.249
https://doi.org/10.5772/intechopen.73495
https://doi.org/10.5772/intechopen.73495
https://doi.org/10.1038/s41598-017-17110-w
https://doi.org/10.1038/s41598-017-17110-w
https://doi.org/10.1007/s10526-011-9352-z
https://doi.org/10.1007/s10526-011-9352-z
https://doi.org/10.4067/S0718-95162013005000051
https://doi.org/10.4067/S0718-95162013005000051
https://doi.org/10.1007/978-981-13-9566-6
https://doi.org/10.1007/978-981-13-9566-6
https://doi.org/10.1007/978-3-642-27833-4_1210-3
https://doi.org/10.1007/978-3-642-27833-4_1210-3
https://doi.org/10.1111/j.1574-6968.1999.tb13383.x
https://doi.org/10.1046/j.1365-2672.1997.00141.x
https://doi.org/10.1046/j.1365-2672.1997.00141.x
https://doi.org/10.1016/j.foodchem.2010.06.004
https://doi.org/10.1016/j.foodchem.2010.06.004
https://doi.org/10.1007/s11240-016-1144-9
https://doi.org/10.1038/s41598-018-23716-5
https://doi.org/10.1038/s41598-018-23716-5
https://doi.org/10.2174/092986708786848532
https://doi.org/10.1002/(SICI)1521-3773(19990201)38:3<270::AID-ANIE270<3.0.CO;2-0
https://doi.org/10.1002/(SICI)1521-3773(19990201)38:3<270::AID-ANIE270<3.0.CO;2-0
https://doi.org/10.1128/AEM.68.8.3795-3801.2002
https://doi.org/10.1034/j.1399-3054.2003.00086.x
https://doi.org/10.1034/j.1399-3054.2003.00086.x
https://doi.org/10.1007/s11627-019-09983-5
https://doi.org/10.1007/s11627-019-09983-5
https://doi.org/10.3390/ijms20081947
https://doi.org/10.1007/s00203-016-1230-8
https://doi.org/10.1007/s00203-016-1230-8
https://doi.org/10.1016/j.mib.2004.10.014
https://doi.org/10.1016/j.mib.2004.10.014
https://doi.org/10.1111/j.1574-6968.2007.00918.x
https://doi.org/10.1002/jobm.201300173
https://doi.org/10.1002/jobm.201300173
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1016/j.tplants.2017.09.003
https://doi.org/10.1890/13-1648.1
https://doi.org/10.1890/13-1648.1
https://doi.org/10.1099/00207713-16-3-313
https://doi.org/10.1099/00207713-16-3-313
https://doi.org/10.1186/1471-2199-11-88
https://doi.org/10.1017/S0960428616000172
https://doi.org/10.1002/bmc.3096
https://doi.org/10.3389/fpls.2016.01066
https://doi.org/10.3389/fpls.2016.01066
https://doi.org/10.3389/fmicb.2015.01341
https://doi.org/10.3389/fmicb.2015.01341
https://doi.org/10.1111/1758-2229.12181
https://doi.org/10.1111/1758-2229.12181
https://doi.org/10.1097/CAD.0000000000000017
https://doi.org/10.1097/CAD.0000000000000017
https://doi.org/10.1007/s11368-012-0582-1
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Rat et al.

Endophytic Bacteria From Alkanna tinctoria

and archaea using 16S rRNA gene sequences. Nat. Rev. Microbiol. 12, 635-645.
doi: 10.1038/nrmicro3330

Yazaki, K. (2017). Lithospermum erythrorhizon cell cultures: present and future
aspects. Plant Biotechnol. 34, 131-142. doi: 10.5511/plantbiotechnology.17.
0823a

Yoon, S.-H., Ha, S.-M., Kwon, S., Lim, J., Kim, Y., Seo, H., et al. (2017). Introducing
EzBioCloud: a taxonomically united database of 16S rRNA gene sequences
and whole-genome assemblies. Int. J. Syst. Evol. Microbiol. 67, 1613-1617. doi:
10.1099/ijsem.0.001755

Yu, P., and Hochholdinger, F. (2018). The role of host genetic signatures on
root-microbe interactions in the rhizosphere and endosphere. Front. Plant Sci.
9:1896. doi: 10.3389/fpls.2018.01896

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Rat, Naranjo, Krigas, Grigoriadou, Maloupa, Alonso, Schneider,
Papageorgiou, Assimopoulou, Tsafantakis, Fokialakis and Willems. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Microbiology | www.frontiersin.org 14

February 2021 | Volume 12 | Article 633488


https://doi.org/10.1038/nrmicro3330
https://doi.org/10.5511/plantbiotechnology.17.0823a
https://doi.org/10.5511/plantbiotechnology.17.0823a
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.3389/fpls.2018.01896
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Endophytic Bacteria From the Roots of the Medicinal Plant Alkanna tinctoria Tausch (Boraginaceae): Exploration of Plant Growth Promoting Properties and Potential Role in the Production of Plant Secondary Metabolites
	Introduction
	Materials and Methods
	Isolation of Root Endophytic Bacteria From Wild-Growing Alkanna tinctoria Plants
	Identification of the Isolates
	Plant Growth-Promoting Activity of Endophytic Bacteria
	Phosphate Solubilization
	Siderophore Production
	1-Aminocyclopropane-1-Carboxylate (ACC) Deaminase Activity
	IAA Production

	Enzymatic Activities
	Pectinase and Cellulase Activities
	Ligninolytic Activity

	Susceptibility Assay
	Induction of A/S Production in Hairy Roots of A. tinctoria

	Results
	Isolation and Identification of Root Endophytic Bacteria
	Plant Growth-Promoting Activity
	Enzymatic Activities
	Susceptibility Assay
	Induction of A/S Derivatives in Hairy Roots of A. tinctoria

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


