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ABSTRACT

Despite advances in the identification and characterization of endophytic bacteria in various plant species worldwide, little
is known about such microorganisms in plants from the Amazon region. Previous studies reported that Piper tuberculatum
endophytic Pseudomonas (isolates Pt12 and Pt13, identified as Pseudomonas putida and Pseudomonas sp., respectively) were
able to inhibit the in vitro growth of Fusarium solani f. sp. piperis, which causes root rot in black pepper (Piper nigrum), and
that Pt13 promoted the growth of P nigrum. Therefore, the aim here was to characterize these bacteria regarding their ability
to produce plant growth-promoting substances [siderophores, indol acetic acid (IAA) and soluble phosphate]. Chrome
azurol S assays were performed for the detection of siderophores. For qualitative and quantitative assays of IAA production
and phosphate solubilization, Salkowski’s reagent and NBRIP medium with molybdenum blue reagent, respectively, were
used. Results revealed that Pt12 and Pt13 were able to synthesize IAA, mainly under a high concentration of L-tryptophan,
indicating that they are IAA-producing bacteria, probably through a tryptophan-dependent biosynthesis pathway. The presence
of P nigrum extract positively influenced the IAA production by Pt12 and Pt13, with highest values of 125 and 90 pg mL",
respectively. In addition, Pt12 was positive for the production of siderophores and produced 56.56 pg mL" of soluble phosphate.
In contrast, Pt13 showed no ability to produce siderophores or to solubilize phosphate. Besides their potential in controlling
plant diseases, Pt12 and Pt13 have potential as biofertilizers, favoring sustainable agriculture.
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Caracterizacao de bactérias Pseudomonas de Piper tuberculatum quanto
a producao de compostos potencialmente bioestimulantes para o
crescimento de plantas

RESUMO

Apesar dos avangos na identificagdo e caracterizagao de bactérias endofiticas em espécies vegetais em todo o mundo, pouco
se sabe sobre esses microrganismos em plantas da regido amazonica. Estudos anteriores mostraram que Peudomonas de Piper
tuberculatum (isolados Pt12 e Ptl3, identificados como Pseudomonas putida e Pseudomonas sp., respectivamente) sio capazes
de inibir Fusarium solani f. sp. piperis, que causa a podridao das raizes da pimenteira-do-reino (Piper nigrum), e que Ptl3
promoveu o crescimento de 22 nigrum. Portanto, o objetivo do presente trabalho foi caracterizar essas bactérias quanto a
capacidade de produzir substancias potencialmente bioestimulantes para o crescimento vegetal [sideréforos, dcido indol acético
(AIA) e fosfato soluvel]. Ensaios de Cromo Azurol S foram realizados para deteccio de sideréforos. Para os ensaios qualitativos
e quantitativos de produgio de AIA e solubiliza¢ao de fosfato, foram utilizados o reagente de Salkowski e 0 meio NBRIP com
azul de molibdénio, respectivamente. Os resultados revelaram que Pt12 e Ptl3 sintetizaram AIA, principalmente sob alta
concentragio de L-triptofano, indicando que provavelmente utilizam uma via de biossintese dependente deste aminodcido. A
presenca do extrato de P nigrum influenciou positivamente a producdo de AIA por Pt12 e Pt13, com valores méximos de 125
€90 pg mL", respectivamente. Além disso, Pt12 foi positiva para produgio de sideréforos e produziu 56.56 pg.mL de fosfato
soltivel. Em contraste, Pt13 nio produziu sideréforos, nem solubilizou fosfato. Além do potencial de controle de doencas de
plantas, Pt12 e Pt13 tém potencial como biofertilizantes, favorecendo a agricultura sustentével.
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INTRODUCTION

Endophytic bacteria are able to colonize plant tissue
without assuming pathogenic behavior or causing damage to
the host plant (Hallmann et a/. 1997). Several studies have
demonstrated the potential of endophytic plant growth-
promoting bacteria (PGPB), including those belonging to
the genus Pseudomonas, in the promotion of plant growth by
improvement of plant nutrition and disease control (Gaiero e#
al. 2013; Santoyo et al. 2016). In this context, microorganisms
that can positively affect plants have emerged as a powerful
tool for sustainable agriculture to replace chemical pesticides
and industrial fertilizers, which can drastically contaminate
the environment.

PGPB may employ direct and indirect mechanisms to
promote plant development. Indirect mechanisms involve
the inhibition of the growth of phytopathogenic organisms
through the production of antibiotic compounds, lytic
substances that degrade the cell wall, nutritional competition
and via induction of host plant systemic resistance. On the
other hand, direct mechanisms act by facilitating nutrient
acquisition and production of substances beneficial to plants,
such as nitrogen fixation, phosphate solubilization, iron
sequestration by siderophore production, and phytohormone
production (Glick 1995; Glick 2012; Beneduzi ez al. 2012;
Olanrewaju et al. 2017).

Using direct mechanisms, PGPB may favor plant
development in three distinct ways: a) phytostimulation by
indol acetic acid (IAA) production, which may improve the
plant root system and induce the hardening of cell walls,
forming a barrier to the entry of the pathogen in plant tissues;
b) biofertilization, such as the ability to solubilize phosphorus
and make it available to the plant, which may aid in increased
agricultural production; and ¢) biocontrol, for example, in
bacterial siderophore production, whose potential in iron
nutrition antagonism inhibits the development of other
microorganisms (Glick 1995; Glick 2012; Beneduzi ez al.
2012; Olanrewaju ez al. 2017).

Regarding the detection and quantification of plant
growth substances produced by PGPB, suitable methodologies
described in the literature have been used in the characterization
of many bacterial strains. These methodologies involve the i
vitro growth of bacterial strains in specific culture media,
which, by colorimetric analysis, are able to quantify the
production of these substances (Gordon and Weber 1951;
Schwyn and Neilands 1987; Bric ez /. 1991; Nautiyal 1999).

Despite advances in the identification of endophytic
bacteria in a number of plant species worldwide (Hallmann e#
al. 1997; Gaiero et al. 2013; Santoyo et al. 2016), few studies
have reported such microorganisms in plants from the Amazon
region (Coelho er a/. 2011; Nascimento ef al. 2015; Chalita
et al. 2019). As examples of bacteria with the potential to
contribute to sustainable agriculture, Pt12 and Pt13, identified
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as Pseudomonas putida and Pseudomonas sp., respectively, were
isolated from roots of Piper tuberculatum Jacq. (Nascimento ez
al. 2015), a Piperaceae species occurring in the Amazon region
with known resistance to Fusarium solani f. sp. piperis, which
causes root rot in black pepper (Albuquerque ez a/. 2001).

Black pepper (Piper nigrum L.), which originated in
southern India and is known as “the king of spices”, is a crop
with social and economic importance worldwide. In Brazil,
the main producer is Pard State in the north, where root rot
disease has caused significant losses in this crop yield. Besides,
susceptibility to root rot disease has been found in all 35
black pepper cultivars of the germplasm collection available
in Brazil (Albuquerque ez al. 2001). According to Nascimento
et al. (2015), Pt12 and Pt13 bacteria were able to inhibit %
vitro fungal growth at 38.96% and 55.31%, respectively.
A search for Ptl12 genes involved in the production of
antifungal compounds revealed sequences potentially related
to phenazine biosynthesis (PhzF) (Silva Junior et /. 2018).
In addition, recent studies confirmed Pt13 as a PGPB of 2
nigrum plants, since bacterial inoculation caused increased net
CO, assimilation rate and total chlorophyll content, as well as
increased specific leaf area, total leaf area, root dry mass and
total dry mass, in comparison to the control plants (Pereira ez
al. 2019). However, there has been no investigation into the
ability of Pt12 and Pt13 to produce plant growth-promoting
substances so far. Therefore, here we aimed to characterize
these bacteria regarding the production of compounds that
could contribute to the inhibition of fungal growth and
promotion of plant growth.

MATERIAL AND METHODS

Pseudomonas Pt12 and Pt13 culture

We used Pt12 and Pt13 bacteria, previously isolated from
roots of Piper tuberculatum Jacq. plants and identified as
Pseudomonas putida and Pseudomonas sp., respectively, based
on their 16S rRNA gene sequences [Accessions JE900611 and
JF900612 of GenBank (National Center for Biotechnology
Information-NCBI)] by Nascimento e a/. (2015). The
bacterial cells were stored at -20°C and -70° C at the Institute
of Biological Sciences of Universidade Federal do Pard (Belém,
Par4 state, Brazil). Bacteria were cultured in LB (Luria Bertani)
broth and TS (tryptic soybean) broth (both from Himedia,
India), depending on the experiments performed.

Siderophore production

For the detection of siderophores produced by Pt12 and
Pt13 bacteria, we performed CAS (Chrome azurol S) agar
medium assays, according to the methodology described by
Schwyn and Neilands (1987). Bacteria were cultured in LB
broth, with incubation at 28° C under agitation (150-200
rpm) for five days, with samplings at 24, 72 and 120 h, with

three repetitions at each time. As negative control, we used



ACTA
AMAZONICA

LB broth with no bacterium inoculation. After centrifugation
of samples at 10,000 rpm for 10 minutes, 100 pL of each
supernatant were added to 10 mm diameter wells on CAS
agar medium, followed by incubation at room temperature in
the absence of light for 48 h. Samples with the formation of a
yellow-orange halo around the wells were considered positive
for the production of siderophores.

For the quantification of siderophores produced by Pt12
and Pt13 bacteria, we used CAS solution according to the
methodology described by Schwyn and Neilands (1987).
Bacteria were cultured in LB broth for five days, with
samplings at 24, 48, 72, 96 and 120 h, with three repetitions
at each time. As negative control, we used LB broth with no
bacterium inoculation. After centrifugation of samples at
10,000 rpm for 10 minutes, 0.5 mL of supernatant from each
culture was mixed with 0.5 mL of the CAS solution, followed
by evaluation of absorbance at 630 nanometers (nm), using
a UV/VIS spectrophotometer, 30 minutes later. The number
of siderophores was determined by the percentage reduction
in the blue color of the solution in units of siderophores
(SU%) compared to the negative control. The number of
siderophores was calculated by the formula: SU% = [(Ar-A)
/ Ar] x 100, where AR is the reference absorbance at 630 nm
(CAS solution + medium without bacterial inoculation) and A
is the absorbance of the sample (CAS solution + supernatant).

IAA production and bacterial growth curves

For the detection of IAA produced by Pt12 and Ptl3,
we used the methodology of Bric et al. (1991), with one
adaprtation: in addition to the concentration of 1 g L of
L-tryptophan, we also used TS agar medium containing
the amino acid at 3 g L. Thus, bacteria were streaked on
TS agar medium containing L-tryptophan at 1 g L' and 3
g L' and covered with nitrocellulose membrane. After 48
h of bacterial growth at room temperature, nitrocellulose
membranes were removed, treated with 2.5 mL Salkowski
reagent (1.2% FeCl, and 37% H,SO,) and kept in the dark
for 20 minutes, followed by evaluation regarding the presence
of pink coloration around the bacterial colonies.

For the quantification of IAA produced by Pt12 and
Pt13, the colorimetric methodology described by Gordon
and Weber (1951) was used with two concentrations of
L-tryptophan supplemented in TS broth [(TS-Trp); (0.2 g L
and 3 g L)]. Bacteria were cultured in TS-Trp with samplings
at 6, 12, 24, 48, 72, 96 and 120 h, with three repetitions
at each time. As negative control, we used TS-Trp with no
bacterium inoculation. After centrifugation of samples at
10,000 rpm for 10 minutes, the supernatant was collected.
Salkowski reagent was added to the supernatant samples, at
a 2:1 ratio, followed by incubation in the absence of light
for 20 minutes. The absorbance at 530 nm for each sample
was determined using a UV/VIS spectrophotometer. The
concentration of IAA was estimated using a standard curve
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based on known concentrations of authentic 3-indolacetic
acid (Sigma-Aldrich, USA) diluted in TS broth and their
correspondent values of absorbance at 530 nm, in comparison
to those found in the bacterial samples.

The above assays were also conducted in the presence of
a plant extract, in order to stimulate the production of IAA
by bacteria in TS-Trp. An aqueous extract of Piper nigrum
was prepared according to Jasim ez /. (2014). Stem, root
and leaf tissues were macerated in aqueous solution, filtered
on paper filters, followed by filtration on 0.45 pm membrane
filter. Plant extract was used at 0.5% (v/v) in TS-Trp (0.2 g
L'and3gL").

Thus, the IAA quantification was determined in two
concentrations of L-tryptophan (0.2 g L' and 3g L") and
in the absence (Pt12 and Ptl13) and presence (Ptl2ext and
Ptl3ext) of P nigrum extract. The treatments were compared
at each sampling time (6, 12, 24, 48, 96 and 120 h), with
three repetitions per treatment at each time.

Since it is known that tryptophan may interfere in bacterial
growth (Brandenburg er al. 2013), we estimated Pt12 and
Pt13 growth curves with bacteria cultured in TS broth and
TS broth with 3 g ! of L-tryptophan. Bacteria were cultured
for 5 days, with samplings at 2-hour intervals for the first 12
hours, followed by samplings at 4-hour intervals up to 120
hours of growth. The bacterial growth was monitored by
optical density (OD) measurements at 600 nm, based on the
absorbance values of the samples that were determined using
a UV/VIS spectrophotometer.

Phosphate solubilization

For the evaluation of phosphate solubilization, Pt12 and
Pt13 were cultured in TS broth at 28° C under agitation
(150-200 rpm) for 12 hours. As negative control, we used TS
broth with no bacterium inoculation. Samples containing 1
mL of culture were centrifuged at 12,000 rpm for 20 minutes;
the bacterial pellets were washed three times in distilled and
autoclaved water, followed by their resuspension in ImL of
water. In triplicates, samples containing 100 pl of washed
bacterial cells (or the negative control) were added to 10-mm
diameter wells on NBRIP agar medium supplemented with 5 g
Ca,(PO,), per liter of medium, according to Nautiyal (1999),
in order to verify the formation of transparent halos around
the wells. The size of the formed halos was measured seven
days after the bacterial inoculation, and the measurements
were used to calculate the solubilization index [IS = (halo
diameter + culture diameter) / culture diameter], according
to Nguyen ez al. (1992).

To quantify phosphate solubilization, we used NBRIP
medium supplemented with Ca,(PO,), (5 g L"), but with
no addition of agar. Samples containing 200 pl of washed
bacterial cells (or negative control) were added into 10 mL
of NBRIP medium and incubated at 28 °C under agitation
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at 150-200 rpm for four days, with samplings at 24, 48, 72
and 96 h, with three repetitions at each time. All samples
had their pH measured, and the supernatant produced after
two centrifugations (12,000 rpm for 15 minutes) was used
in a 1:5 ratio in reaction with the blue molybdenum method
solution (Murphy and Riley 1962) in order to quantify
solubilized phosphorus. After 10 minutes of reaction with
blue molybdenum solution, the absorbance was determined at
882 nm using a UV/VIS spectrophotometer. The amount of
soluble phosphorus was determined by the difference between
the absorbance values of the control and the absorbance of
the treatments compared to the standard curve, made from
known concentrations of KH PO, (70% PO,) reacted with
the phosphorus detection solution and determined at 882 nm
after 10 minutes of reaction.

Data analysis

Data obtained from production of IAA, siderophores and
soluble phosphate by Pt12 and Ptl13 were evaluated using
the statistical software R-Studio v. 1.1.456. Variance analysis
(ANOVA) was performed with the “ExpDes.pt” package. For
each IAA experiment (0.2 g L' and 3 g L' of L-tryptophan),
the mean values of IAA production from different treatments
(Pt12, Ptl2ext, Pt13 and Ptl3ext) were compared within each
sampling time (6, 12, 24, 48, 72, 96 and 120 h) using the
SNK test with significance level of p < 0.01. The graphics were
generated using the “Ggplot2” package. Data of siderophores
and soluble phosphate production by Pt12 and Pt13 at each
sampling time (24, 48, 72, 96 and 120 h) were expressed as
the mean + standard error.

RESULTS

Siderophore production

In the CAS agar medium assays, the yellow-orange halo
formation was visualized only for Pt12, with supernatant
samples collected at 24, 72 and 120 h showing positive for
the production of siderophores. In contrast, the Pt13 isolate
showed no ability to produce siderophores in the experimental
conditions used herein (Figure 1). Likewise, results of
quantitative evaluation using CAS solution confirmed that
siderophore production occurred only with Pt12, with SU%
ranging from 19.69 to 31.02 for samples collected at 24 and
120 h (Table 1).

IAA production

Pt12 showed a stationary growth phase at OD (optical
density) 2.5 from 40 to 120 h (Figure 2a), while Ptl13
presented a biphasic pattern similar to diauxic growth (bi-
phasic exponential growth intermitted by a lag phase at 10 to
60 h with OD 1.5 and a stationary phase at 78 to 120 h with
OD 2.5) (Figure 2b). The presence of 3 g L' of L-tryptophan
in the TS broth decreased the growth of both bacteria (Figure
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2). Pt13 was more susceptible to the amino acid effect, with
samples from 6 h to 120 h decreasing below OD 1.5, while
Pt12 growth was influenced less with samples decreasing
close to OD 2.0.

Both Pt12 and Ptl3 bacteria were positive for JAA
production in the assays using TSA broth supplemented
with L-tryptophan. With 1 g. L' of L-tryptophan, a weak
pink coloration formed around the bacterial colonies, and

an enhanced coloration formed with 3 g. L' of L-tryptophan
(data not shown). The quantitative colorimetric methodology
using T'S-tryptophan broth (0.2 gL' and 3 g L' L-tryptophan)
also confirmed Pt12 and P13 as IAA-producing bacteria, but

Figure 1. CAS agar medium assays for detection of siderophores in supernatants
from Pt12 and Pt13 Pseudomonas cultures. As negative control (Ctrl-), we used
LB broth without bacterium inoculation. The formation of a yellow-orange halo
around the well is positive for siderophore production. This figure is in color in
the electronic version.

Table 1. Evaluation of siderophore production and phosphate solubilization by
Pt12 and Pt13 Pseudomonas bacteria. Production of siderophores in CAS solution
with bacterial growth in LB broth and sampling at 24, 48, 72, 96 and 120 h.
Phosphate solubilization with bacterial growth in NBRIP medium and samplings
at 24,48, 72 and 96 h. ND = not determined.

Siderophore o
Growth time production Phosphate solubilization

Strain (hours) (SU%) PO, (ug mL") pH

Pt12 24 19.69 £ 0.61 40.38+ 1.36 4.31
48 2048 +0.58 56.08+0.10 3.99
72 24.27 £2.46 56.56+0.10 418
96 2728236 56.14£0.27 4.31
120 31.02£1.98

Pt13 24 ND ND 6.16
48 ND ND 5.89
72 ND ND 6.39
96 ND ND 6.31
120 ND
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with different performance in the two concentrations of
L-tryptophan (Figure 3). With 0.2 g L of L-tryptophan,
IAA production by Ptl13 was significantly higher than by
Pt12 according to the SNK test (p < 0.01) (Figure 3a). The
presence or absence of 22 nigrum extract had no influence on
IAA production. Pt13 produced IAA at all sampling times,
with a maximum value near 25 pg m L produced Ptl3ext at
48 h. From 72 to 120 h the IAA production of both Pt13 and
Pt13ext gradually decreased. Pt12 showed no production of
IAA at 24 and 48 h, while at 120 h Pt12ext produced about
10 pg mL™. Thus, Pt13 cultured in TS broth supplemented
with 0.2 g L' of L-tryptophan and P nigrum extract showed
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a 150% difference in IAA production at 48h in comparison
to Pt12 at 120 h.

With 3 g L of L-tryptophan, Pt12 and Pt13 produced
IAA at all sampling times (Figure 3b). The addition of the
plant extract positively influenced IAA production by Pt12
and Pt13 during the first hours of bacterial growth (from 6 to
72 hfor Pt12 and from 6 to 24 h for Pt13). IAA production by
Ptl2ext was significantly higher than Pt13ext at most sampling
times (48,72, 96 and 120 h), while at 6 and 24 h no significant
difference was found, and at 12 h Pt13ext produced more IAA
than Pt12ext. Maximum IAA production by P12ext was about
125 pgmL™'at72 h, and 110 pg mL" at 96 h by Pt12, with
no effect of the plant extract. IAA production decreased for
both Pt12 and Pt12extat 120 h, with no significant difference
between them. Maximum IAA production by Ptl3ext was 90
pg mL" at 24 h, while at 48 h IAA production by Pt13 and
Pt13ext showed no significant difference. From 72 to 120 h,
IAA production by Ptl3ext was significantly lower than by
Pt13. The highest IAA production by Pt12 (Ptl12ext with 3 g
L of L-tryptophan at 72 h) was 39% higher than that of Pt13
( Pt13ext with 3 g L'" at 24 h). The addition of plant extract
significantly increased IAA production by 52% in Pt13 at 24
h, and by 78% in Pt12 at 72 h.

Phosphate solubilization

Pt12 was able to induce the formation of translucent halos
around the wells containing bacterial cells, with an average SI
of 2.67. Pt13 was negative for phosphate solubilization. In
the quantitative assays using liquid NBRID, again, only Pt12
was positive (Table 1). We detected changes in pH neutrality
of the NBRIP medium used for both bacteria. Minimum
pH for Pt12 was 3.99 at 48h, when an increase in phosphate
solubilization was detected relative to 24 h. The values of
solubilization remained stable until 96 h. Minimum pH for
Pt13 was 5.89 at 48 h, although no samples were positive for
phosphate solubilization at any time (Table 1).
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Figure 3.|AA production by Pt12 and Pt13 Pseudomonas bacteria cultured in TS broth supplemented with 0.2 g L' (A) and 3 g L of L-tryptophan (B) with and without
Piper nigrum extract for 120 hours. Assays were performed in triplicate at each sampling time, compared with SNK tests. Same letters on the bars within time points

indicate non-significant differences.
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DISCUSSION

Some Amazonian Piperaceae were identified with
resistance to infection by £ solani . sp. piperis (Albuquerque ez
al. 2001), leading to the isolation of some endophytic bacteria
from roots of P tubercularum, including Pseudomonas isolates
Pt12 and P13, which were able to inhibit the 7 vitro growth
of E solani f. sp. piperis (Nascimento e al. 2015). Here, we
showed that the Pt12 and Pt13 isolates differed in their ability
to produce siderophores and IAA and to solubilize phosphates.

Regarding the production of siderophores, only isolate
Pt12 was positive in qualitative and quantitative assays with
CAS reagent. Siderophores are ferric chelating agents with
low molecular weight (500-1000 Da) produced by bacteria
and play a vital role in the control of several plant diseases,
including some advantages over chemical fungicides (Sayyed
and Chincholkar 2009). They can control pathogens by
mechanisms of competition, restricting the iron nutrition of
these organisms (Susi ez a/. 2011; Khan ez al. 2017) and by
inhibition of their enzymes (Benitez ez 2/. 2004). In addition,
the production of siderophores by bacteria may stimulate plant
growth by improvement of their iron nutrition (Masalha ez a/.
2000; Sharma ez al. 2003). The production of siderophores
by bacteria occurs under iron-limiting conditions (Saha ez
al. 2016) and was also analyzed using LB broth (Arora and
Verma 2017). We showed that Pt12 cells were able to release
iron chelators in LB broth. Siderophore production by Pt12
increased during bacterial growth, with maximum SU% of
31.02 at 120 h, which agrees with Verma ez a/. (2016), who
reported some fluorescent Pseudomonas sp. isolates able to
produce siderophores ranging from SU% 4.68 to 42.18.

Unlike Pt12, Pt13 was not able to produce siderophores.
The CAS agar medium is widely used to detect siderophore-
producing bacteria, however, when used alone, it may generate
false negatives for some non-halo producing bacterial strains,
which may be positive in CAS liquid solution (Alexander and
Zuberer 1991). Pt13 was not able to produce siderophores,
even using CAS liquid solution. Besides LB broth, we also
tested Pt12 and Pt13 in 1/5 TS broth and found similar results
to those with LB broth (data not shown), indicating that
only Pt12 is a siderophore producer. Siderophores produced
by several bacteria, including Pseudomonas strains, have been
described to have a role in the control of phytopathogens
(Sulochana et al. 2014; Yu et al. 2017). Thus, it is possible
that siderophores produced by Pt12 participate in mechanisms
controlling pathogens, including the inhibition of F solani
f. sp. piperis growth reported by Nascimento er al. (2015).
However, due to the diversity of chemical and biological
structures of known siderophores (Hider and Kong 2010),
further studies are necessary to isolate and characterize the
siderophores produced by Pt12. Besides siderophores, bacterial
endophytes may produce other compounds and molecules
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with enzymatic and antimicrobial activity in pathogen control
(Santoyo ez al. 2016; Maksimov ez al. 2018).

We also detected the ability of Pt12 and Pt13 to produce
IAA through qualitative and quantitative methods. Among
the phytohormones, IAA is the main auxin involved in
root growth (Tanimoto 2005) and is produced by several
PGPB, including Pseudomonas strains (Egamberdieva ez al.
2015; Hidri ez al. 2016). Bacteria may produce IAA through
tryptophan-dependent and tryptophan-independent means,
tryptophan probably being the main IAA precursor in most
of them (Zhang ez al. 2019). Although some bacteria are able
to synthesize IAA through a tryptophan-independent pathway
(Duca et al. 2014; Arora and Bae 2014), this route is still
poorly known. We used two concentrations of L-tryptophan
in TS broth, resulting in differential performance of Pt12
and Pt13 in IAA production, but both strains showed higher
IAA production under higher concentration of tryptophan,
indicating that both probably produce TAA through a
tryptophan-dependent biosynthesis pathway. Bacteria may
produce IAA through four main tryptophan-dependent
pathways: indole-3-pyruvate (IPA), tryptamine (TPM),
indole-3-acetonitrile (IAN), and indole-3-acetamide (IAM)
(Zhang et al. 2019). Genome studies showed that 68.5% and
11.9% of Proteobacteria can catalyze tryptophan into IPA and
TPM, respectively (Zhang ez al. 2019). So, it is probable that
Pt12 and Pt13 utilize these pathways for IAA production. Our
results also showed that most Pt12 and Pt13 IAA production
occurred in stationary phase, which is in accordance with
other bacteria, including Pseudomonas strains (Bharucha and
Kamlesh 2013; Duca ez al. 2014)).

Under the two concentrations of tryptophan used here,
Pt12 showed a higher amino acid requirement for IAA
production. Even bacteria able to produce IAA in the absence
of tryptophan had increased activity for the production of
indole compounds when the amino acid was added to the
culture medium (Jayaprakashvel ez al. 2014). Pseudomonas
bacteria increased IAA production from 80 to 132 pg mL
when L-tryptophan supplementation was changed from 0.1 to
0.5 gL' (Sasirekha ez a/. 2012). Etminani and Harighi (2018)
identified Pseudomonas protensensis from Pistacia atlantica L.
that were able to produce IAA in amounts of 8 to 50 pg mL™.
Pseudomonas putida and P fluorescens produced 116 and 89
pg mL ! of IAA, respectively (Meliani ez /. 2017). The Pt13
Pseudomonas in our study produced similar IAA amounts to
those produced by other Pseudomonas bacteria, while Pt12
produced little IAA in the presence of a low concentration
of the amino acid.

The ability of Pt12 and Pt13 to produce IAA indicated
their potential as PGBP, considering that the capacity of
Pt13 to promote the growth of P nigrum plants through the

improvement of their root system was already demonstrated
by Pereira et al. (2019).
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In this context, the positive effect of 2 nigrum extract in
optimizing the physiology of Pt12 and Pt13 regarding their
ability to produce IAA, supports these bacteria as promising
candidates in the interaction with this crop. Plant extracts
containing metabolites and other substances can stimulate
IAA production by bacteria (Jasim e# al. 2014; Kamilova ez
al. 2000). In addition, plant and endophyte gene expression
may be changed during their interaction (Santoyo ez al. 2016),
so that it is possible that metabolites of 2 nigrum affected the
expression of Pt12 and Ptl3 genes related to IAA synthesis,
causing the observed increase in IAA production. Although
Pt12 and Pt13 were isolated from P tuberculatum (Nascimento
etal. 2015), here we used the extract from P nigrum, which is
the crop affected by root rot disease. The addition of the plant
extract increased the 77 vitro production of IAA from 42% to
106% between 6 and 72 h for Pt12, and from 52% to 126%
between 6 and 24 h for Pt13. However, over a longer period,
we found no influence of the plant extract, e.g. Pt12 at 96 and
120 h, when the addition of the plant extract had no effects.
Although we do not have sufficient data to clarify what exactly
caused this result, some possibilities can be considered. The
plant extract used in the first hours of bacterial growth may
have become unavailable in the later hours. Besides, since it
is known that some plant extracts may enhance the growth
of microorganisms (Eevers ez al. 2015), so that it is possible
that the growth of Pt12 and Pt13 was accelerated by the P
nigrum extract, and more rapidly reached the declining phase,
when the production of IAA-degrading enzymes may occur.
Likewise, the decrease of IAA in Pt13 samples from 72 to 120
h may be due to the production of IAA-degrading enzymes
when the bacterial growth comes close to the end of the
stationary phase. Under certain circumstances, bacteria may
utilize TAA as carbon and energy sources (Arora et al. 2015).

The presence of L-tryptophan in TS broth (3 g L'!) caused
a decrease in Pt12 and Pt13 growth in comparison to their
growth in TS broth. Bacterial growth can be inhibited by
tryptophan (Brandenburg ez 2/. 2013), but the mechanism of
inhibition is not clear so far. Each bacterial strain has a specific
need and specific amino acid resistance, and an excess causes
inhibition by killing the plant-associated bacteria rather than
promoting plant growth (Barazani and Friedman 2000). It
is probable that this effect interfered with IAA production of
Pt13, as its growth was drastically affected by tryptophan. It
was higher than that of Pt12 with 0.2 g L' L-tryptophan, but
lower than Pt12 growth with 3 g L' L-tryptophan. Besides
growth sensitivity to tryptophan, another characteristic of
Pt13 was its biphasic pattern, similar to diauxic growth,
when cultured in TS broth. Diauxic growth is characterized
by bi-phasic exponential growth intermitted by a lag phase,
and it generally occurs when microorganisms are cultured in
two carbon sources, such as glucose and lactose (Narang and
Pilyugin 2007). Diauxic growth has been described in many
bacteria, including Pseudomonas strains, when submitted to
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glucose and other substances, such as organic acids (Lynch and
Franklin 1978), aromatic compounds (Basu ¢z a/. 2009) and
phenylpropanoid compounds (Karishma ez 4/. 2015), among
other conditions, such as variation of pH and temperature.
As far as we know, this is the first time that a Pseudomonas
bacterium has been reported showing diauxic growth in
TS broth. Physiological and genetic traits inherent to each
bacterial strain may contribute to the occurrence of diauxic
growth, which involves metabolic responses of bacteria to
nutritional conditions, among other environmental variations
(Narang and Pilyugin 2007). Additional studies are needed to
clarify the factors involved in diauxic growth in Pt13.

Only isolate Pt12 was positive for phosphate solubilization
in our qualitative and quantitative assays. After nitrogen,
phosphorus is considered the second most important nutrient
for plants, and, although phosphorus is abundant in most soils
used in agriculture, it is frequently found in an insoluble state
(Miller ez /. 2010). Thus, solubilizing phosphates by bacteria
is an alternative for making phosphorus available to plants in
the soil, or at least avoiding losses in fertilization practices.
The process of phosphate solubilization by bacteria involves
the production of organic acids, which solubilize phosphates
by converting them into orthophosphate, which is available
for plant use (Oteino ez al. 2015).

The screening of phosphate solubilizing bacteria is
generally performed in solid media, but this is not the most
appropriate and efficient method for evaluating solubilizing
activity, nor for indicating the potential solubilizing bacteria,
because some bacterial strains do not solubilize phosphates in
solid medium, although they can in liquid medium (Nautiyal
1999; Zeng et al. 2016). Here, Pt12 showed the ability
to produce transparent halos around the bacterial colony
grown in NBRIP agar medium, with a solubilization index
of 2.67, that is consistent with values ranging from 1.08 to
2.74 reported by other studies (Kaur ez al. 2017; Georgieva
et al. 2018).

The pH of the NBRIP medium of Pt12 samples ranged
from 3.99 (24 h) to 4.31 (96 h) and production of soluble
phosphate ranged from 40.38 to 56.56 pg mL". At 48 h, when
the pH decreased the most, there was a significant increase
in phosphate solubilization. Pseudomonas strains were able to
solubilize Ca,(PO,), in liquid NBRIP medium, producing
from 27.16 to 110.28 pg mL" of phosphorus when the pH
of the medium fell (Zeng ez al. 2016; Ordonez e al. 2016).
During bacterial growth, the release of substances such as
enzymes or organic acids acidifies the medium, allowing the
solubilization of insoluble phosphate, thus, the release of
water-soluble phosphorus has been directly proportional to the
acidification of the medium (Zeng et al. 2016; Satyaprakash
et al. 2017). Unlike P12, Pt13 showed no ability to produce
transparent halos around the bacterial colonies grown in
NBRIP agar medium, showing no ability to solubilize
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phosphate, with pH ranging from 5.89 to 6.39 between 24
and 96 h. Our results are in accordance with other studies
showing bacteria with different ability to solubilize phosphate.
Among the bacteria with the ability to solubilize phosphate,
P fluorescens (L111) produced 438 mg L of phosphorus and
changed the pH of the medium to 4.96, while P fluorescens
(L228) was able to produce 1.312 mg L' of phosphorus
and changed the pH of the medium to 4.06 (Oteino ¢t al.
2015). On the other hand, Bacillus sp. changed the pH of
the medium to 5.28 and solubilized 85 mg L of phosphorus
and was able to produce gluconic acid proportionally to the
phosphate solubilization of each bacterium (Oteino ez al.
2015). Similarly, our results with Pt12 and Pt13 confirmed
that bacteria with a higher capacity to acidify the medium
were better phosphate solubilizers.

CONCLUSIONS

We showed that Pseudomonas bacteria of Piper tuberculatum
differ in their ability to produce siderophores, IAA and
phosphate solubilization, which are important bio-stimulating
compounds for plant development. Pseudomonas putida Pe12
was able to solubilize inorganic phosphate, as well as producing
IAA and siderophores, supporting its potential as a PGPB.
Likewise, the ability of Pseudomonas sp. Pt13 to produce
IAA confirms its role as a PGPB, previously demonstrated
for Piper nigrum as its host plant. The ability of Pt12 and
Pt13 to synthesize IAA, mainly under high concentration of
L-tryptophan, indicated that they are IAA-producing bacteria,
probably through a tryptophan-dependent biosynthesis
pathway. Furthermore, the presence of 2 nigrum extract
positively influenced the IAA production by Pt12 and Ptl3.
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