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ABSTRACT

This study aimed to evaluate the capacity for in vitro indole compound synthesis by endophytic bacteria and to
compare the Salkowski colorimetric and high-performance liquid chromatography (HPLC) quantification methods.
Initial screenings were performed using 10% tryptic soy agar (TSA) medium with and without L-tryptophan via the
Salkowski colorimetric method in a completely randomized design with 40 treatments and three replications. In the
second experiment, the five most promising isolates were used for the detection and quantification of indoles by
HPLC in a completely randomized design with five treatments and three replications. Of the 40 isolates, 16
synthesized indole-3-acetic acid (IAA) in the presence of L-tryptophan, and only three synthesized IAA in the
absence of this amino acid. The concentration of IAA determined by absorbance indicated that Agrobacterium
tumefaciens isolate EB.07 showed a higher concentration of IAA in the presence of L-tryptophan (16.61 ug mL™).
HPLC analysis revealed the production of the following four indole compounds by these bacteria: IAA, indole
pyruvic acid (IPA), indole lactic acid (ILA), and indole-3-acetaldehyde (IAAld). Significant differences between the
two estimation methods were observed for two of the five tested isolates: A. tumefaciens (EB.07) and Bacillus
pumilus (EB.12). For both isolates, the Salkowski method indicated higher concentrations than those obtained with
HPLC. Considering the obtained results, the Salkowski colorimetric method should be used in initial screenings,
and HPLC should be used as a complementary method in the selection of isolates with the highest potential to
synthesize indoles.
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INTRODUCTION

New areas of biotechnological exploration based on the isolation, characterization,
and determination of microbial diversity have emerged and have had a great impact
on the agricultural and industrial sectors. Several studies have reported the effects of
endophytic bacteria on plant growth and development. These findings highlight the
ability of bacteria to stimulate plant growth via nitrogen fixation'"*', phosphorus
solubilization®®, phytohormone production®*****  resistance induction, and anti-
fungal and anti-bacterial activity™".

The main auxin found in plants is indole-3-acetic acid (IAA), which is produced
primarily in the apical meristem (bud) of the stem and is transported to the roots by
parenchymal cells. According to Patten and Glick”’, in addition to the production of
IAA in plant tissues, this compound is also synthesized by plant-associated bacteria,
which, in turn, employ mechanisms that influence plant growth.

IAA is synthesized by certain bacteria via multiple distinct pathways®’. Tryptophan-
dependent IAA is synthesized via several pathways, which are generally named after
an intermediate compound, e.g., the indole-3-pyruvic acid (IPA) pathway, the
indole-3-acetamide (IAM) pathway, the tryptamine pathway, and the indole 3-
acetaldoxime (IAOx) pathway. Several authors have indicated that the main pathway
for JAA production in bacteria is the IPA pathway, as observed in the genera
Bradyrhizobium, Azospirillum, Rhizobium, Azotobacter, and Enterobacter as well as
in cyanobacteria'.

In addition to knowledge of biosynthetic pathways, the use and application of
biochemical tests are important tools for evaluating the potential of endophytic
bacteria. Some techniques allow the determination of the activity of enzymes that are
used in these pathways while considering that the metabolism of these organic
molecules produces end products that are detectable by analytical methods in the
laboratory®.

The Salkowski colorimetric method'’ has been widely used for the detection and
quantification of bacterial auxins primarily because of its convenience, speed,
specificity, and efficiency'®*>. However, high-performance liquid chromatography
(HPLC) has recently gained importance as a specific method, particularly for
identifying compounds in a mixture. This technique enables the separation,
identification, and quantification of compounds®'.

Several authors have evaluated these two methods for detecting the production of
auxins and have reported that HPLC is more reliable than the colorimetric method
because the latter generally tends to overestimate the results. According to
Tsavkelova et al.*', this effect may be due to the presence of other indoles (involved
in the biosynthesis of auxins by bacteria), which accumulate in the culture medium
and are more reactive with the Salkowski reagent than IAA alone.

Knowledge of the metabolic profile of different isolates of endophytic bacteria
facilitates the selection of genotypes with high biotechnological potential. In turn,
this information will expand the use of these microorganisms and the application of
this knowledge for the development of products with high biological wvalue,
including bioinoculants and biostimulants.

In this context, the present study aimed to evaluate the indole compound production
capacity of endophytic bacteria collected from banana roots and to compare the
efficiency of the Salkowski colorimetric and HPLC quantification methods.
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MATERIALS AND METHODS

Selection of isolates and preparation of bacterial suspensions

The endophytic bacteria used in this study were isolated and identified at the genus
and species level by Souza et al.’® (Table 1).

The isolates were maintained on tryptic soy agar (TSA) in test tubes for 24 hours at
28 °C. To obtain bacterial suspensions, the selected isolates were inoculated in
tryptic soy broth (TSB) medium and maintained at 120 rpm using an automatic
shaker at 28 °C for 48 hours.

The suspension was centrifuged for 15 minutes at 10,000 rpm to collect the bacterial
cells. The pellet was resuspended in 0.85% saline solution under aseptic conditions
in a laminar flow hood. The concentration of bacterial cells in the suspension was
adjusted by using a spectrophotometer to read the absorbance at a wavelength (i) of
540 nm and an optical density (OD) of 1.0.

Quantification of indoles via the Salkowski colorimetric method

IAA was quantified using the method described by Kuss ez al.*’. The volume of the
bacterial suspension of each isolate was adjusted, and 0.250-mL aliquots of each
suspension were inoculated in 10% TSA medium and incubated for 48 hours at 28
°C at 120 rpm in the absence of light. After this period, 2.0 mL of each homogenized
culture was transferred to 2-mL Eppendorf tubes and centrifuged at 10,000 rpm for
10 minutes.

The supernatant was transferred to 15.0-mL vials, and 2.0 mL of Salkowski reagent
was added™. The test tubes were incubated for 30 minutes in the dark. IAA was
qualitatively measured by the presence of a pink coloration in the vial and
quantitatively measured by reading the absorbance of the samples using a
spectrophotometer at a wavelength of 530 nm.

The concentrations of IAA were determined by reading the absorption in a
spectrophotometer using commercial concentrations of 1.0, 2.0, 4.0, 8.0, 16.0, 32.0,
and 64.0 ug mL™', and the concentrations were normalized using a standard curve,
which was used to generate an equation for determining the concentration of IAA in
the samples in pg mL™".

Two standard curves were used to compare the colorimetric absorbance of IAA. To
quantify IAA in the medium supplemented with L-tryptophan, the equation Y =
0.0310 + 0,0114x (R?= 97.00%) was used, where Y is the absorbance reading in the
spectrophotometer and x is the concentration of IAA in ug mL™. To quantify IAA in
the medium that was not supplemented with L-tryptophan, the equation Y = 0.0508
+0.0122x (R? = 94.90%) was used.

Two assays were performed to determine the ability of bacteria to synthesize IAA.
The first assay was used to quantify IAA in 10% TSA supplemented with L-
tryptophan (10%), and the second assay was used to quantify IAA in 10% TSA
medium without L-tryptophan.

The two assays were performed in a completely randomized design with 40
treatments (isolates of endophytic bacteria) and three replications.

Extraction, identification, and quantification of indole compounds via HPL.C

The cultures of isolates EB.07, EB.12, EB.17, EB.78, and EB.98 with the highest
capacity to synthesize IAA based on the Salkowski colorimetric method were
selected for analysis via HPLC. For HPLC analysis, indoles were extracted
according to the protocol established by Tsavkelova et al.*!, which consisted of
vacuum concentration of 100 mL of the liquid culture supernatant of each isolate
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using a lyophilizer to obtain a final volume of 10 mL. The pH was adjusted to 2.8
with IN HCI and extracted three times with ethyl acetate (JT Baker, HPLC grade)
(1:2 v:v) by vigorous shaking for 10 minutes. The following HPLC-grade indole
standards were used: IAA, indole pyruvic acid (IPA), indole lactic acid (ILA), and
indole-3-acetaldehyde (IAAId) (Sigma).

After separation of the two phases using a separating funnel, the ethyl acetate
fraction was evaporated in a rotoevaporator coupled to a vacuum pump, whereas the
solid phase was suspended in 500 pL of absolute methanol and centrifuged at 10,000
rpm for 10 minutes. HPLC was performed by injecting 10 pL of an aliquot in an
ULTRA Cs reverse phase column (150 x 4.6 mm; Restek, Bellefonte, Pennsylvania,
USA) with a particle size of 5 um, connected to an SLC 10A VP HPLC apparatus
(Shimadzu), and the absorbance was monitored using an UV-visible detector (model
SPD M10A VP) at a wavelength of 254 nm.

The mobile phase consisted of water:acetonitrile:acetic acid (40:60:1), pH 2.8. The
flow rate was 0.5 mL min™' at a pressure of 7.5 MPa. The presence of IAA was
confirmed by comparing the retention time of the commercial IAA and indoles. The
eluates were quantified by comparing the weights and areas of the peaks using
CLASS-VP software (Shimadzu).

The assay was performed in a completely randomized design with five treatments
and three replications.

STATISTICAL ANALYSIS

The TAAs quantified by using the Salkowski colorimetric method and the indoles
quantified via HPLC were subjected to analysis of variance. When the F-test
indicated significance, the variables were subjected to the Scott-Knott test and
Tukey’s test at a probability of 5% using Sisvar software'*.

RESULTS AND DISCUSSION

Production of IAA determined via the Salkowski colorimetric method

The synthesis of IAA in 10% TSA medium supplemented with L-tryptophan was
observed in 40% of the tested bacterial isolates, and of these isolates, three produced
IAA via pathways that were alternatives to the tryptophan pathway. Among these
isolates, 12 belonged to the genus Bacillus, and one isolate was identified for each of
the following genera: Agrobacterium, Micrococcus, Rhizobium, and
Aneurinebacillus (Table 1).
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Table 1 - Identification of the isolates (genera and species), ability to synthesize IAA using the Salkowski reagent
and the accession number in the GenBank database of endophytic bacteria associated with the “Prata Ana” banana,
Janauba, Minas Gerais, 2015.

TAA Accession number
Izolates Genera/Species With Without GenBank
Trp Trp

EE. 01 Bacillus pumilus + - HMO0ET0E.1
EE.03 Bacillus pumilus - - JF7381181
EB.03 Bacillus pumilus - - HQ2189951
EE. 06 Bacillus subtilis - - JFO265211
EE. 07 Agrobacterium ftumefaciens + + GU7E4704.1
EE. 11 Bacillus sp. + - HQZ189931
EB.12 Bacillus pumilus + - GOR173221
EE. 14 Bacillus pumilus + - HQ218003.1
EB. 16 Bacillus sp. + - AT530463.1
EE.17 Bacillus sp. + - JFE02184.1
EE. 1% Bacillus =p. + - EUS77790.1
EB.20 Bacillus sp. + - HQ256520.1
EB.52 Bacillus sp. - - HQO034301
EB.33 Bacillus sp. - - GQ340503.1
EB.39 Strepiomyces sp. - - FI951435.1
EE. 42 Bacillus sp. - - JWN082266.1
EE. 45 Iysinibacillus sphaericus - - JW2135121
EE.61 Bacillus sp. - - AF332386.1
EB. 69 Bacillus sp. . - GQ340516.1
EE. 7% Bacillus sp. + + EUS77790.1
EE.20 Bacillus sp. - - EUS72777.1
EE.E1 Bacillus sp. + - HQO03430.1
EE. 33 Bacillus sp. - - AF332386.1
EE. &4 Bacillus subtilis + e HQ5334081.1
EE. &6 Arthrobacier sp. - - F1477042.1
EB.9T Bacillus anyloliquefaciens - - AB301022.1
EE. 0% Micrococcus luteus + + FI3800538.1
EE. 102 Bacillus pumilus - - EUQ77700.1
EE. 106 Rhizobium sp. + - AYGE93664.1
EE. 107 Bacillus thuringiensis - - ANIOZ316.1
EE. 108 Rhizobium sp. - - AY6E03664.1
EE. 132 Bacillus subtilis - - AY7412641
EE. 135 Bacillus pumilus - - EUR77790.1
EE. 139 Acetobacter sp. - - GU3838401
EE. 141 Lysintbacillus sp. - - GU172164.1
EE. 148 Anesurinebacillus sp. + - AB112723.1
EE. 134 Bacillus pumilus + - H(Q3340851
EE. 162 Bacillus pumilus - - GOE17222.1
EE. 181 Faenibacillus sp. - - HE5377034.1
EE. 200 Bacillus pumilus - - EUR77790.1

With L-tryptophan: TSA supplemented with L-tryptophan (10%); Without L-tryptophan: TSA not supplemented
with L-tryptophan; + Ability to synthesize IAA; — Inability to synthesize IAA.

Isolates EB.07, EB.78, and EB.98 (corresponding to Agrobacterium tumefaciens,
Bacillus sp., and Micrococcus luteus, respectively) were the only isolates that
synthesized IAA in the absence of L-tryptophan. These isolates also synthesized
IAA in culture medium supplemented with L-tryptophan.

Our results indicated that most of the tested isolates synthesize IAA in medium
supplemented with L-tryptophan and that most of these isolates belong to the genus
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Bacillus. Patten and Glick”” and Barazani and Friedman’ reported that, in general,
endophytic bacteria and rhizobacteria synthesize IAA via an L-tryptophan-dependent
route. This amino acid can be found in soil, is produced by plants, and is exuded
through their roots; therefore, IAA production via L-tryptophan is the most common
pathway.

Approximately 80% of microorganisms isolated from the rhizosphere from various
crops possess the ability to synthesize and release auxins as secondary metabolites.
The secreted IAA interferes with the many plant developmental processes;
furthermore, IAA acts as a reciprocal signaling molecule affecting gene expression
in microorganisms’.

Different authors have reported the incidence of the genus Bacillus associated with
banana roots in India'®, Mexico®, China", Keny326, and Brazil*®. The works cited
above indicate the existence of a close association between the mentioned genera
and Musa spp.

Several species of the genus Bacillus promote plant growth via the synthesis of
auxins (primarily IAA), the solubilization of poorly soluble phosphates, siderophore
production, and the fixation of atmospheric nitrogen* ** > 2% %- 4,

Significant differences in the production of IAA were observed between the isolates
in 10% TSA medium with and without L-tryptophan. Among the 16 isolates
evaluated in medium supplemented with L-tryptophan, seven clusters were formed,
and isolate EB.07 (4. tumefaciens) had the highest concentration of IAA, with an
average production of 16.61 pg mL™' (Fig. 1).
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Figure 1 - Average concentrations of IAA (ug mL™) in 10% TSA medium with and without L-tryptophan by
endophytic bacteria isolated from “Prata Ana” banana roots. The means followed by the same upper and lower case
letters indicate they belong to the same group through the Scott-Knott test at a significance level at P < 0.05.

Agrobacterium tumefasciens, was one of the firsts plant-associated bacteria in which
IAA biosynthesis was studied. In this specie and all other gall-inducing bacteria, the
indole-3-acetamide (IAM) pathway is present and contribute to the virulence by
producing high amounts of IAA’’. Two genes have been characterized in A.
tumefasciens, iaaM gene, responsible for converting tryptophan to IAM and iaaH
gene, responsible for hydrolyzed IAM in IAA*,

In dicotyledonous plants this specie can infect at wound sites by integrating their
genes into the genoma of the plants. The overproduction of auxin and cytokinin by
the transformed plant cells results in the typical crown gall’’. Although, A.
tumefaciens is described as phytopathogenic it has been reported in the literature as
an egédophytic bacteria that is asymptomatically associated with the roots of Musa
spp.”.

Mayer® reported that several variations in the Salkowski test are found in the
literature regarding the detection of indole compounds produced by bacteria,
including IAA®. Certain organisms, such as Agrobacterium sp. and Bacillus sp., can
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promote plant growth by increasing the length of roots and the number of root
hairs”. In addition, Tien e al.*’ confirmed that this effect is due to the microbial
production of plant hormones or plant growth regulators.

The optimal tissue auxin concentration for elongation growth is approximately 107
to 10 parts per million. In the present study, isolate EB.07 produced 16.61 parts per
million, corresponding to 1.6 million more than the optimal tissue auxin
concentration.

Variations in the synthesis of IAA between the isolates cultured in 10% TSA
medium without L-tryptophan were also observed. The IAA concentrations ranged
between 2.1 ug mL™ for isolate EB.98 (M. luteus) and 15.97 pg mL™ for isolate
EB.78 (Bacillus sp.) (Fig. 1).

Bacillus sp. isolate EB.78 synthesized IAA in media with and without L-tryptophan,
corresponding to 4.12 ug mL™" in the supplemented medium and 15.97 pg mL™" in the
unsupplemented medium. This result indicates that in addition to IAA synthesis via
the L-tryptophan-dependent pathway, this isolate efficiently uses a pathway
independent of L-tryptophan.

Tsavkelova et al.*’ reported that the amount of IAA produced via an L-tryptophan-
independent pathway is negligible, i.e., only a few bacterial species produce IAA
through this pathway. However, those that use this pathway produced large amounts
of IAA, with a variation between 7 and 43 pg mL ™.

A previous study conducted with endophytic bacteria isolated from banana roots also
demonstrated the same profile. Most of the tested isolates synthesized IAA in TSA
medium supplemented with L-tryptophan (40%) and fewer than 20% synthesized
IAA via an L-tryptophan-independent pathway in this medium’.

Production of indole compounds determined by HPL.C

Four indole compounds synthesized by endophytic bacteria were identified: 1AA,
IPA, ILA, and indole-3-acetic aldehyde (IAAld). All isolates synthesized IAAld, an
intermediate of IAA biosynthesis, but in significantly lower amounts compared with
the production of the other indole compounds (Fig. 2).
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Figure 2 - Average concentrations (ug mL-1) of ILA, IAA, IPA, and IAAId synthesized by endophytic bacteria
isolated from the roots of “Prata Ani” bananas. Vertical bars indicate the standard error of the mean. The means

followed by different letters indicate significant differences using Tukey’s test at a significance level of 5% (P <
0.05).

IAA and IPA presented a very similar retention time for the M. luteus isolate EB.98.
In addition, the average concentration of IPA synthesized by Bacillus sp. isolate
EB.17 was 1.0046 pg mL™" (Fig. 2).

ILA was produced by three of the five evaluated isolates: Agrobacterium
tumefaciens isolate EB.07, Bacillus pumilus isolate EB.12, and M. [uteus isolate
EB.98. The isolate EB.98 produced a significantly higher amount of ILA than the
other isolates, with an average of 1.18 ug mL™ (Fig. 2).
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The most highly produced indole was IAA (Fig. 2). The highest concentration of
IAA was produced by Bacillus sp. isolate EB.78, with an average of 1.95 pug mL™,
whereas the lowest concentration was produced by B. pumilus isolate EB.12, with an
average of 0.30 pgmL".

At least five different pathways have been described for the synthesis of IAA, and
most of them show similarity to those described in plants. However, some
intermediates can differ in the following respects: (1) IAA formation by IPA and
IAAld; (2) The conversion of tryptophan into IAAld may involve an alternative
pathway; (3) IAA biosynthesis via IAM; (4) IAA biosynthesis that involves
tryptophan conversion into indole-3-acetronitrile; and (5) The tryptophan
independent pathway*"*"% .

In beneficial bacteria that produce IAA, the main pathway is the [PA pathway. In
this pathway, L-tryptophan is converted into IPA by an aminotransferase. Through a
decarboxylase, IPA is converted to IAAld, which is converted to IAA®.

Endophytic bacteria isolated from orchids were evaluated, and three indole
compounds were determined: IAA was found in the greatest quantity, IPA was
present in all tested isolates, and only two isolates produced ILA".

Comparison of the production of indoles determined via the Salkowski
colorimetric method and HPL.C

Significant differences were observed between the two methodologies used to
measure the production 000f IAA by the five isolates grown in 10% TSA medium
supplemented with L-tryptophan (Fig. 3). This result was likely due to the
environmental and growth conditions to which the isolates were subjected during the
experiments in Janauba, Minas Gerais (Salkowski reagent), and in Jaboticabal, Sdo
Paulo (HPLC).

B Colorimetric method

B HPLC

Concentration of 184 (pg mL-1)

EB-07 EB-78 EB-17 EB-12 EB-98

Isolates

Figure 3 - Average concentrations of IAA (ug mL") produced by isolates grown in 10% TSA medium
supplemented with L-tryptophan and quantified using the Salkowski colorimetric method and HPLC. Vertical bars
indicate the standard error of the mean, and means followed by separate lower case letters indicate significant
differences using Tukey’s test at a significance level of 5% (P < 0.05).

The comparison of the methods for quantifying IAA in 10% TSA medium
supplemented with L-tryptophan indicated significant differences in two of the five
evaluated isolates: A. tumefaciens isolate EB.07 and B. pumilus isolate EB.12. For
both isolates, the Salkowski method indicated higher concentrations than the
concentrations obtained by HPLC. For isolate EB.07, there was a four-fold
difference between the two methods (Fig. 3). No significant differences were
observed between the two methods for the Bacillus sp. isolate EB.78, Bacillus sp.
isolate EB.17, and M. [uteus isolate EB.98.

Crozier et al.'* compared the synthesis of auxins in cultures of Azospirillum spp. and
found differences greater than 50-fold for IAA between the two techniques. In this
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same study, the authors showed that HPLC detected the production of IAA in
isolates for which production was not detected by colorimetry.

The overestimation of the IAA concentration using the colorimetric method may be
caused by the presence of other indoles (involved in the biosynthesis of auxins by
bacteria) in the culture that are more reactive toward the Salkowski reagent than IAA
alone*',

HPLC exhibits high sensitivity, speed, performance, reliability, and promptness in
the release of results. By contrast, the Salkowski method is based on the comparison
of the color produced in a chemical reaction with a standard color, and the intensity
of the color produced indicates the concentration of a particular analyte.

Considering the results obtained in the present study as well as previous
investigations, we can infer that inaccurate data are likely to be obtained with the
Salkowski reagent and that the use of complementary methods, such as HPLC, is
consequently required.

However, it is important to note that the Salkowski colorimetric method, because of
its practicality, speed, specificity, and efficiency, should be used in initial screenings
aimed at selecting isolates with the potential to synthesize IAA. By contrast, HPLC,
due to its high sensitivity, great cost, rapid delivery of results, and high efficiency,
should be used as a complementary method in the selection of isolates with the
greatest potential to synthesize indoles.

CONCLUSION

Four indole compounds were determined: IAA, IPA, ILA, and IAAId. Among the
isolates, A. tumefaciens isolate EB.07 presents a greater ability to synthesize IAA in
vitro in the presence of L-tryptophan, whereas Bacillus sp. isolate EB.78 synthesizes
IAA more efficiently in an L-tryptophan—independent alternative pathway.
Considering the methods for indole-compound estimation, both are useful and
present valuable information for initial and complementary screenings of plant
growth-promoting bacteria (PGPBs).
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