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Production of indole-3-acetic acid by Bacillus circulans E9 in a low-cost medium in
a bioreactor
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Bacillus circulans E9 (now known as Niallia circulans) promotes plant growth-producing indole-3-acetic acid (IAA),
showing potential for use as a biofertilizer. In this work, the use of a low-cost medium containing industrial substrates,
soybean, pea flour, Solulys, Pharmamedia, yeast extract, and sodium chloride (NaCl), was evaluated as a substitute for
microbiological Luria Broth (LB) medium for the growth of B. circulans E9 and the production of IAA. In Erlenmeyer
flasks with pea fluor medium (PYM), the maximum production of IAA was 7.81 ± 0.16 mg mLL1, while in microbiological
LB medium, it was 3.73 ± 0.15 mg mLL1. In addition, an oxygen transfer rate (OTR) of 1.04 kg O2 mL3 dL1 allowed the
highest bacterial growth (19.3 ± 2.18 3 1010 CFU mLL1) and IAA production (10.7 mg mLL1). Consequently, the OTR value
from the flask experiments was used to define the conditions for the operation of a 1 L stirred tank bioreactor. The
growth and IAA production of B. circulans cultured in a bioreactor with PYM medium were higher (8 and 1.6 times,
respectively) than those of bacteria cultured in Erlenmeyer flasks. IAA produced in a bioreactor by B. circulans was
shown to induce the root system in Arabidopsis thaliana, similar to synthetic IAA. The results of this study demonstrate
that PYM medium may be able to be used for the mass production of B. circulans E9 in bioreactors, increasing both
bacterial growth and IAA production. This low-cost medium has the potential to be employed to grow other IAA-
producing bacterial species.
� 2022, The Society for Biotechnology, Japan. All rights reserved.
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Synthetic fertilizers are used to increase the yield and quality of
crops (1,2). However, their excessive use in fields causes a reduction
in soil pH and increases the contents of heavy metals, contributing
to soil degradation (3,4). To solve this problem, there is a need to
reduce the excessive use of synthetic fertilizers, replacing them
with environmentally friendly technologies.

Biofertilizers are considered clean and sustainable, and they are
formulated using one or more microorganisms that provide nutri-
ents to crops and promote plant growth (5). Plant growth-
promoting rhizobacteria (PGPR) colonize plant roots and enhance
plant growth (5e7). PGPR can promote nitrogen fixation, solubilize
phosphate, and produce siderophores and plant growth regulators
such as cytokinins, gibberellic acid, abscisic acid, and indole-3-
acetic acid (IAA). In addition, PGPR are beneficial for the control
of plant pathogens by producing antibiotics and inducing systemic
resistance mechanisms in plants (8,9).

IAA produced by PGPR stimulates cell division and elongation of
plant tissues, and it also improves nutrient and water uptake,
which enhance the quality and yield of economically important
crops. PGPR genera that produce IAA include Erwinia, Acinetobacter,
Azospirillum, Enterobacter, Pseudomonas, and Bacillus (10e12). Ba-
cillus species produce a wide range of bioactive molecules with
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antimicrobial activity, low toxicity to humans, and high biode-
gradability (13,14). Additionally, members of this genus form spores
that can withstand dry conditions, high temperatures, and UV ra-
diation, which are desirable characteristics for these bacteria to be
considered for the formulation of biofertilizers (15,16). Bacillus
circulans E9 (now known as Niallia circulans) (17) is a strain isolated
from Solanum lycopersicum in Sinaloa, Mexico. This strain is
remarkable for its high IAA yield when grown in Luria Broth (LB).
For the mass production of B. circulans or any other microorganism
in a bioreactor, it is necessary to select a low-cost medium
formulated with economical fermentation substrates that are
capable of providing the essential nutrients for bacterial growth
and maintaining their biological activity (18,19).

The stirred tank bioreactor is the configuration most commonly
used to grow bacteria (20,21). For the massive growth of bacteria, a
high oxygen uptake rate (OUR) is required, and the lack of appro-
priate oxygenation may become a limiting factor for the product
concentration, yield, and volumetric productivity in bioreactors.
Particular attention is required to establish appropriate operating
conditions. These conditions require that the oxygen transfer rate
(OTR) satisfies the bacterial OUR to achieve satisfactory growth of
bacteria. Previous studies have reported the appropriate opera-
tional conditions of stirred tank bioreactors for bacterial growth
(22e24). However, there are limited studies on media formulations
employing low-cost industrial substrates and oxygen conditions for
. All rights reserved.
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bacterial growth and IAA production in bioreactors. Therefore, the
objectives of this work were (i) to define a medium that uses low-
cost industrial substrates and (ii) to establish the operating condi-
tions for a stirred tank bioreactor for the growth of B. circulans E9
and production of IAA.
MATERIALS AND METHODS

Fermentation substrates and biological material Six agroindustry sub-
strates currently used in fermentation technologywere selected: soybeanflour (Archer
Daniels Midland Company, Chicago, IL, USA), pea flour (Roquette, Lestrem, France),
Solulys (Roquette), Pharmamedia (Archer Daniels Midland Company), yeast extract
(Roquette) and NaCl (Roquette). Samples of these substrates were kindly provided by
Biologist Roberto Gutiérrez from Fermic Mexico S.A. de C.V..

The B. circulans E9 used in this study was from the culture collection of Centro
Interdisciplinario de Investigación para el Desarrollo Integral Regional-Unidad
Sinaloa (CIIDIR Sinaloa-IPN), Sinaloa, Mexico. The strain was isolated from
S. lycopersicum rhizospheres and was selected because it produces a high content of
IAA. The stock culture was maintained by cryopreservation in glycerol stock at 20 %
(v/v) at �80 �C and subcultured on microbiological LB medium with agar (10 g L�1

tryptone, 5 g L�1 yeast extract, 5 g L�1 NaCl and 15 g L�1 agar, SigmaeAldrich, St.
Louis, MO, USA). Stock cultures were stored at 4 �C and subcultured at least every
24 h before required.

Media formulation Considering the composition of microbiological LB
medium (SigmaeAldrich) in g L�1: tryptone, 10; yeast extract, 5; NaCl, 5, as a
reference, the media prepared with the low-cost industrial substrates in g L�1 were
SYM (soybean flour,10; yeast extract, 5; NaCl, 5); SolYM (Solulys,10; yeast extract, 5;
NaCl; 5); PhYM (Pharmamedia, 10; yeast extract, 5; NaCl, 5); and PYM (pea flour, 10;
yeast extract, 5; NaCl, 5). The cost of each mediumwas calculated in dollars L�1 and
compared with the cost of LB microbiological medium. The cost of preparing a liter
of LB microbiological medium was 3.6 US dollars, but with the use of the low-cost
industrial substrates, the cost was considerably reduced: PhYM medium by 25.71
times, SolYM medium by 24 times, PYM medium by 20 times, and SYM medium
by 22 times (data not shown).

In all experiments, a cell suspensionofB. circulansE9wasprepared fromcultures in
Petri disheswithLBmediumandagar.After24hgrowth,a single colonywastransferred
to 5 mL of LB medium and incubated at 28 �C for 24 h at 200 rpm to obtain the pre-
inoculum bacterial suspension. The pre-inoculum (1 mL) suspension was used to
inoculate Erlenmeyer flasks. For stirred tank bioreactor, bacterial pre-inoculum was
prepared in100mLErlenmeyerflasks and incubatedat28 �C for 9 hat200 rpm inorder
to obtain the inoculum in the exponential growth phase. Cell concentration in the
inoculum was adjusted to 1.0 absorbance unit with a spectrophotometer, which cor-
responded to 108 colony forming units per milliliter (CFU mL�1) (23). B. circulans E9
were cultured in 500 mL Erlenmeyer flasks with 100 mL each of SYM, SolYM, PhYM,
PYMandmicrobiological LBmedia. Previously, themediawere autoclaved for 15min at
121 �C and 15 psi. The cultures were incubated on a rotary shaker (Infors AG, Bott-
mingen, Switzerland) at a temperature of 28 �C and 200 rpm. Cell growth and IAA
productionweremeasured from100mL of each culture growing in 500mL Erlenmeyer
flasks after 12 h of incubation. Three independent experiments were performed and
similar value was obtained in the three experiments.

The cell growth measurement was carried out by quantifying CFU mL�1 ac-
cording to the methodology of Sieuwerts et al. (25). Culture broth aliquots were
diluted and plated on LB agar Petri dishes. The Petri dishes were incubated at 28 �C
for 24 h, and viable plate counts were obtained on a colony counter (SOB-Q-20,
Solbat, Mexico City, Mexico).

IAA determination Determination of IAA production was performed using
the colorimetric method based on Salkowsky reagent (26,27) with a modified
composition of replacing perchloric acid with sulfuric acid (28). IAA produced by
B. circulans E9 in media prepared with the low-cost industrial substrates and
microbiological LB medium was centrifuged at 10,000 rpm for 15 min at room
temperature. The Salkowsky technique was adapted to a 96-well microplate
format by adding 100 mL of the bacterial supernatant (BS) and 100 mL of
Salkowsky reagent, and the samples were kept in the dark to allow color
formation. The optical density at 530 nm was recorded after 30 min using a
microplate reader (Microplate Reader, BioRad, Hercules, CA, USA). IAA was
determined using three replicates for each treatment. Serial dilutions (5, 10, 15,
20, 25 and 30 mg mL�1) of IAA (SigmaeAldrich) were prepared in distilled water,
and the constructed standard curve had a correlation value R2¼ 0.9965. Three
independent experiments were performed and similar trends were obtained in
the three experiments.

Growth kinetics of B. circulans in Erlenmeyer flasks B. circulans E9 were
grown in 500 mL Erlenmeyer flasks containing 100 mL of LB and PYM media. Pre-
viously, inoculated as described above. Cultures were carried out at 200 rpm and
28 �C in a rotary shaker (Infors AG) for 22 h. One milliliter aliquots were taken to
evaluate cell growth and IAA production. The experiment was performed in three
independent experiments.
Cell growth of B. circulans E9 was evaluated every hour by taking serial dilutions
of each preparation and spreading them on LB agar (SigmaeAldrich) in Petri dishes,
with three replicates. The Petri dishes were incubated at 28 �C for 24 h and viable
cells counts were measured on a colony counter (SOB-Q-20, Solbat). Finally, CFU
mL�1 and IAA were determined as described above.

Effect of the OTR on the B. circulans E9 culture For the OTR analysis,
B. circulansE9was grown in500mLErlenmeyerflaskswith100mLofPYMmediumand
three different closures: aluminum foil, cottonplugs and silicone foam (SigmaeAldrich)
according to the methodology by Orozco-Sánchez et al. (29). The medium was
autoclaved for 15 min at 121 �C and 15 psi. The Erlenmeyer flasks were inoculated
used as a fresh inoculum as describe above. The cultures were incubated on a rotary
shaker at 200 rpm and 28 �C. Cell growth and IAA were measured after 12 h of
incubation, andthree independentexperimentswereperformedforeachOTRcondition.

Bioreactor culture Considering that the maximal growth of B. circulans E9
and production of IAAwere obtained in an Erlenmeyer flask with PYMmedia and an
OTR value of 1.04 kg O2 m�3 d�1, B. circulans E9 was cultured in a 2 L stirred tank
bioreactor (Applikon Biotechnology, Delft, Netherlands) using conditions to
generate an OTR value similar to that obtained in the Erlenmeyer flask. The biore-
actor was operated with 1 L of PYM media and stirred with a 50 mm diameter
Rushton impeller at 400 rpm with a 0.1 vvm air supply, and the temperature was
maintained at 28 � 2 �C. Inoculum preparation of B. circulans E9 was performed in a
500 mL Erlenmeyer flask with 100 mL of PYM medium as described above. Two
milliliters of culture broth were taken every 1 h to estimate cell growth and IAA
production. The pH and dissolved oxygen tension (DOT) were measured using
electrodes connected to an in-Control controller (Applikon Biotechnology).

The kinetic parameters determined were the doubling time (Td) and maximum
specific growth rate (mmax). The parameters were calculated following the equation
described by de Carvalho et al. (30).

Determination of the mass transfer coefficient (KLa) was carried out by dynamic
gassing out (31). This method consists of determining the dynamic oxygen balance
during the absorption and desorption of oxygen in the culture. TheOTR andOUR (kgO2

m�3 d�1) in the stirred tank bioreactor were calculated according to the equations re-
ported by Orozco-Sánchez et al. (29). Oxygen balance was calculated to determine
whether the oxygen supplywas sufficient to satisfy the demandof the bacterial culture.
Three replicationsof each treatmentwere conducted and the experimentwas repeated
twice.

IAA activity assay for plant growth promotion in Arabidopsis
thaliana Arabidopsis thaliana seeds were disinfected with 70% ethanol three
times for 1 min, followed by 2% sodium hypochlorite for 1 min, and were washed
three times with distilled water for 2 min. Seed dormancy was interrupted to
promote germination according to Bruno et al. (32). Seeds were transferred to
Petri dishes containing Murashige and Skoog (MS) medium (SigmaeAldrich)
(33) and were incubated in a vertical position at 20 � 2 �C and 60% relative
humidity in growth chambers with a photoperiod of 16 h light: 8 h darkness
until cotyledon formation. The cotyledon plants were transferred to Petri
dishes, and the experiment consisted of four treatments: (i) MS medium (33),
(ii) MS medium supplemented with the components of PYM medium, (iii) MS
medium supplemented with 10.6 mM IAA (SigmaeAldrich), and (iv) MS
medium supplemented with 10.6 mM IAA from cell-free medium of B. circulans
E9. For each treatment, excess moisture was removed to prevent
contamination problems. The length of the primary root and the total number
of lateral roots were monitored every 24 h for 6 consecutive days. Root
hair length and root hair density were assessed using a stereomicroscope
(Olympus SZX7, Olympus, Hamburg, Germany) with an attached digital camera
(Cool PIX B500, Nikon, Tokyo, Japan), and image analysis was performed using
ImageJ editing software (ImageJ, version 1.8.0_112). Root hair density was
determined as the number of hairs in a 1 mm root segment. Nine individual
plants were used for each treatment and the experiments were repeated twice.

Statistical analysis The data were processed to obtain the central tendency
measurements (means and standard deviations). Significant differences in the IAA
concentration obtained for each substrate and from the biological assay performed in
A. thalianawere analyzed by one-way analysis of variance (ANOVA) and Tukey’s post
hoc test (P< 0.05). The differences in the kinetic growth and IAA content of
B. circulans E9 grown in LB and PYM media in Erlenmeyer flasks and a bioreactor
were analyzed using Student’s t-test, with a significance value of P <0.05. All the data
were checked for normality using ShapiroeWilk’s test before statistical analysis. All
statistical analyses were performed using the statistical software SPSS for Windows,
version 24.0 (IBM Corp., Armonk, NY, USA).

RESULTS

IAA production using media with low-cost industrial
substrates The highest concentrations of IAA were obtained in
PhYM and PYM media (6.37 � 0.25 and 7.81 � 0.16 mg mL�1,
respectively). These values were 1.79- and 2.1-fold higher than
those obtained from microbiological LB and SYM media (Fig. 1).



FIG. 1. IAA production by Bacillus circulans E9 in microbiological LB and low-cost media
in an Erlenmeyer flask. The media prepared with low-cost industrial substrates in g L�1

were: SYM (soybean flour, 10; yeast extract, 5; NaCl, 5); SolYM (Solulys, 10; yeast
extract, 5; NaCl; 5); PhYM (Pharmamedia, 10; yeast extract, 5; NaCl, 5); PYM (pea flour,
10; yeast extract, 5; NaCl, 5). The bars represent the mean � standard deviation of
three individual replicates. Different letters indicate a significant difference according
to the Tukey’s test (P < 0.05).
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The concentration of IAA produced in SYM medium was not
different from that produced in LB medium. Finally, IAA was not
detected in SolYM medium (Fig. 1). The high concentration of IAA
produced by B. circulans E9 in PYM media (Fig. 1) was associated
with the high content of aromatic amino acids in the low-cost
industrial substrates (Table S1). The total content of aromatic
amino acids in the PYM and SYM media was 3.31- and 1.45-fold
higher than that in microbiological LB medium, respectively. In
contrast, the total aromatic amino acid content in SolYM was 3.07
times lower than that in microbiological LB medium (Table S1).
PYM medium was selected for further study considering that it
led to the highest production of IAA and that its cost was 20
times lower than that of microbiological LB medium.

Growth kinetics and IAA production of B. circulans E9
cultured in Erlenmeyer flasks with PYM medium The
FIG. 2. Production of IAA (dashed lines) and cell growth of Bacillus circulans E9 (solid lines
represent cell growth in microbiological LB medium; closed circles represent cell growth in
and open circles represent IAA production in PYM medium. The cell growth and IAA pro
replicates.
growth of B. circulans E9 in PYM medium was similar to that ob-
tained in microbiological LB medium (Fig. 2). The bacterial growth
rates (mmax) in PYM and LB media were 1.20 h�1 and 1.03 h�1,
respectively. The maximum cell growth was similar between PYM
(15.5 � 2.31 � 1010 CFU mL�1) and LB media (14.1 � 5.62 �
1010 CFU mL�1). B. circulans E9 growing in the LB media did not
present a stationary phase of growth. After reaching its
maximum growth (10 h), it began its cell death phase, while the
cell growth of B. circulans E9 cultured in PYM medium presented
a stationary phase (9e14 h) and then the cell death phase.
However, with both medium, the lowest cell growth was
observed at 22 h (Fig. 2).

IAA accumulation showed a similar profile in PYM and micro-
biological LB media until 10 h of culture. Similar maximal IAA
concentrations were obtained in PYM and LB media, 5.87 � 0.35
and 5.65 � 0.4 mg mL�1, respectively. The production of IAA was
directly associated with cell growth (Fig. 2). The accumulation of
IAA in PYMmedium decreased after 10 h of culture until it was not
detected after 16 h, while in microbiological LB medium, IAA was
only reduced to 3.7 � 0.44 mg mL�1 (Fig. 2). As shown in Fig. 2, IAA
profile is consistent with the grown profile of B. circulans E9 in
PYM medium and it is possible that the degradation of IAA is
related with a decrease in carbon and nitrogen sources, that in-
duces the catabolism in order to obtain energy for growth. How-
ever, more studies are needed to prove this hypothesis.

Effect of the OTR on the B. circulans E9 culture using
different closures of Erlenmeyer flasks The increase in the
OTR generated in Erlenmeyer flask cultures led to a progressive
increase in B. circulans cell growth and IAA production (Table 1).
Erlenmeyer flasks covered with an aluminum closure led to lower
cell growth (15.3 � 0.75 � 1010 CFU mL�1). Cultures covered with
cotton led to significantly increased cell growth, 16.9 � 1.55 �
1010 CFU mL�1. Notably, the B. circulans E9 culture covered with a
silicone foam closure led to the highest cell growth (19.3 � 2.18 �
1010 CFU mL�1). The OTR generated in flasks with silicone foam
) cultured in microbiological LB and PYM media in Erlenmeyer flasks; closed triangles
PYM medium; open triangles represent IAA production in microbiological LB medium,
duction values are presented as the mean � standard deviation of three individual



FIG. 3. Growth kinetics of Bacillus circulans E9 in a bioreactor using PYM medium. (A)
DOT (open triangles) and pH (open circles) . (B) Cell growth (closed squares) and IAA
production(open squares). The values are presented as the mean � standard deviation
of three individual replicates.
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closures was the highest and increased cell growth by 1.26- and
1.14-fold compared to that in cultures grown in flasks with
aluminum and cotton closures, respectively (Table 1).

IAA production by cultures grown in flasks with silicone foam
closures was 1.32- and 1.56-fold higher than that by cultures grown
in flasks with cotton and aluminum closure cultures, respectively
(Table 1). The IAAyieldwas not different between cultures grown in
flasks with aluminum and cotton closures (0.447� 0.068 and 0.481
� 0.004 mg CFU�1, respectively). Considering these results, an OTR
value of 1.04 kg O2m�3 d �1 was selected to grow B. circulans E9 in a
stirred tank bioreactor.

Growth kinetics of B. circulans E9 in a bioreactor using PYM
medium Fig. 3 shows growth kinetics of B. circulans in a
bioreactor using PYM medium. The pH of PYM medium was 6.7
for 3 h at the beginning of fermentation. However, the pH
decreased progressively to 5.8 by the end of fermentation
(Fig. 3A). The DOT value decreased from 100% to 20% during the
exponential phase (3e8 h), but at the end of fermentation, the
DOT value was restored to 100% (Fig. 3A).

B. circulans E9 grew with a maximum growth rate of 1.81 h�1

and reached a maximal cell growth of 1.12� 0.424� 1012 CFUmL�1

after 8 h (Fig. 3B), while IAA productionwas associatedwith the cell
growth profile and reached a concentration of 6.93 � 0.43 mg mL�1

at 10 h (Fig. 3B). During the exponential growth phase, the pH and
DOT values decreased.

The kinetic parameters of B. circulans grown in an Erlenmeyer
flask and a stirred tank bioreactor were determined (Table S2). The
growth rate (mmax) and IAA concentration of B. circulans grown in
the bioreactor were higher than those obtained from B. circulans
grown in an Erlenmeyer flask. The OTR value in the bioreactor was
0.5 times higher than that in an Erlenmeyer flask. B. circulans E9
cultured in the bioreactor had an OTR value three times higher than
the OUR. Consequently, bacterial growthwas not limited by oxygen.
The OUR value of the B. circulans culture in an Erlenmeyer flask was
not determined.

IAA produced by B. circulans E9 in a bioreactor induces root
development in A. thaliana The effects of IAA produced by
B. circulans in a bioreactor on the length of primary roots and the
lateraldensity rootsofA. thalianawereevaluated(Fig. 4). The lengthof
primary roots of plants treated with BS was reduced by 1.64 times
compared to that of plants grown in MS (Fig. 4A), while the length
of primary roots of plants treated with commercial IAA decreased
by 3.95 times (Fig. 4A). As expected, no effect on the length of
primary roots was observed for plants treated with the components
of PYMmedium (Fig. 4A).

Lateral root density of A. thaliana was increased by treatment
with MSþIAA and MSþBS (2.94 and 2.17 times, respectively) in
comparison to that of control plants (MS). Interestingly, no differ-
ences were observed between the MSþIAA and MSþSB treatments
(Fig. 4B).

Morphological images of A. thaliana roots treated with MS
(Fig. 4C) and MS supplemented with the components of PYM
(Fig. 4D) showed less lateral root formation than that of plants
treated with commercial IAA (Fig. 4E) and with BS (Fig. 4F).

Root hair length increased significantly in A. thaliana plants
exposed to MSþIAA and MSþBS (5.23 and 4.22 times, respectively)
TABLE 1. Effect of OTR generated by closure type on cell growth, IAA production, an

Closure type OTR (kg O2 mˉ3 d ˉ1) Cell growth (1010 CFU mLˉ1

Aluminum 0.07 � 0.00c 15.3 � 0.75c

Cotton 0.58 � 0.01b 16.9 � 1.55b

Silicone 1.04 � 0.03a 19.3 � 2.18a

Data for each parameter (OTR, cell growth, IAA production and yield) represent mean� st
different letters indicate a significant difference according to Tukey’s test (P < 0.05). OTR
in comparison to that of control plants (MS; Fig. 5A). Consistently,
the number of root hairs increased by 3.85 and 2.88 times in plants
treated with SB and commercial IAA, respectively, compared with
that of control plants (MS; Fig. 5B). However, for plants treatedwith
commercial IAA, the length and the number of root hairs were
higher than those for plants treated with BS (Fig. 5A and B).

Image analysis showed lower values of the length and number
of root hairs in A. thaliana control plants (MS; Fig. 5C) and plants
treated with MS supplemented with the components of PYM me-
dium (Fig. 5D). For plants treated with commercial IAA (Fig. 5E) and
BS (Fig. 5F), root hair length and density were stimulated. Taken
together, these results indicate that IAA produced by B. circulans E9
grown in PYMmedium in a bioreactor could have similar biological
activity to that of commercial IAA.

DISCUSSION

The excessive use of chemical fertilizers and pesticides leads to a
large number of environmental problems that directly affect crop
productivity and human health (1,2,34,35).
d on IAA yield of Bacillus circulans E9 in the PYM medium at Erlenmeyer flask.

) IAA Production (mg mLˉ1) IAA yield bacteri�a1 (mg CF�U1)

6.88 � 1.37c 0.447 � 0.068b

8.13 � 0.68b 0.481 � 0.004b

10.7 � 0.35a 0.558 � 0.045a

andard deviations of three individual replicates. Values in the same column carrying
, oxygen transfer rate; IAA, indole-3-acetic acid.
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The use of microorganisms as biofertilizers has been considered
an alternative to avoid the excessive use of synthetic fertilizers.
However, it is necessary to establish the conditions for bacterial
mass production in bioreactors and to use low-cost industrial
substrates. In this work, we observed that the growth of B. circulans
E9 and production of IAA in PYMmedium formulatedwith low-cost
industrial substrates (pea flour and yeast extract) were similar to
those in microbiological LB medium. The highest bacterial growth
achieved with PYM medium (15.5 � 2.31 � 1010 CFU mL�1) sug-
gested that this industrial substrate promoted cell growth influ-
enced by the ability of microorganism to use the available carbon
and nitrogen sources, similarly to other bacterial species (12,36,37).
This idea supports the possibility to selecting the PYM medium as
low-cost nutrient sources replacing microbiological LB to
B. circulans E9 growth and IAA production. Similarly, several au-
thors have proposed that the use of low-cost industrial substrates
offers the possibility to replacing microbiological media as strategy
to reduces the expensive operational cost and promotes the bac-
terial growth (19,23,38).

The content of aromatic amino acids in culture media has been
proposed to play an important role in secondary metabolism,
particularly in the induction of IAA biosynthesis (39,40). L-Trypto-
phan is the main precursor in the IAA pathway in the Bacillus genus
(11,41). In this work, the aromatic amino acid content of the in-
dustrial substrates (soy and pea flour) used to formulate SYM and
PYM media was higher than that of microbiological LB medium.
Thus, the higher IAA production observed in this work in
B. circulans cultures could be attributed to the high content of ar-
omatic amino acids present in PYMmedium, and suggest that the L-
FIG. 4. Effects of IAA produced by Bacillus circulans E9 on primary root length (A) and on late
length are shown for control plants (MS) (C), plants treated with MS with the components of
and plants treated with MS with BS (10 mM IAA produced by B. circulans E9) (F). The photogr
bars: 1 mm. Different letters indicate a significant difference according to the Tukey’s test
tryptophan contained in PYMmedium provide a positive bacterium
growth while maintain its metabolites production efficacy, as re-
ported for other PGPR using different low-cost substrates
(12,42,43). In addition, support the idea that the IAA biosynthesis in
B. circulans E9 can be induced possibly by tyrosine and phenylala-
nine present in the fermentation substrates (41,44,45). Bacterial
genes for IAA catabolism (iac and iaa) have been widely charac-
terized in several bacterial genera and are related with the nutri-
ents deficiency in the media (46,47). In this work, we observed the
degradation of IAA produced by B. circulans E9 in the PYMmedium,
condition in which the stationary phase was 5 h longer than the LB
media. Thus, the IAA degradation can be explained by the possible
induction of catabolism genes by the deficiency in carbon and ni-
trogen sources in PYM medium during the stationary phase, in a
similar manner to the reported by other authors (48,49).

On the other hand, oxygen is an important nutrient for bacterial
metabolism (36,50). A deficiency in oxygen supply can generate
stress conditions, affect cell growth and induce anaerobic condi-
tions (29,34,51). Significant increases in cell growth and IAA yield
were found in the B. circulans culture using a silicone foam closure
compared to those of cultures using cotton or aluminum closures.
These results indicate that the increase in the OTR value by the use
of different closures promotes B. circulans E9 growth. Similarly,
other authors have shown that high OTR values stimulate cell
growth and secondary metabolite production by other PGPR
(50e53).

In microbial processes, gaseliquid mass transfer is affected by
hydrodynamic conditions (20,34,54). Stirred tank bioreactors are
a biotechnological tool that allow the operating conditions to be
ral root density (B) in Arabidopsis thaliana plants. Morphological images of primary root
PYM (bacterium-free) (D), plants treated with MS with 10 mM IAA (SigmaeAldrich) (E)
aphs show representative plants of the nine plants examined in each experiment; scale
(P < 0.05).



FIG. 5. Effects of IAA produced by Bacillus circulans E9 on the length (A) and density of root hairs (B) of Arabidopsis thaliana. The root hair morphology of A. thaliana is shown for
control plants (MS) (C), plants treated with MS supplemented with the components of PYM medium (bacterium-free) (D), plants treated with MS with IAA (SigmaeAldrich) (E) and
plants treated with MS with BS (IAA produced by B. circulans E9) (F). Photographs show representative plants of the nine plants examined in each experiment; scale bars: 100 mm.
Different letters indicate a significant difference according to the Tukey’s test (P < 0.05).
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monitored and provide high mass transfer rates for metabolite
production (21,55). Our results showed that the DOT and pH
values decreased greatly during the first few hours of culture, with
the lowest levels found at the time B. circulans reached the sta-
tionary growth phase. In addition, the bacterial growth and IAA
production obtained in the bioreactor were higher than those
obtained in an Erlenmeyer flask. The oxygen supplied in the
bioreactor system (OTR) was higher than the microbial oxygen
demand (OUR), indicating that B. circulans E9 did not have an
oxygen supply limitation. These results are consistent with those
from other reports that indicate that the growth of aerobic bac-
teria and the production of metabolites are favored in the pres-
ence of oxygen (22,52,54,56).

In addition, to obtainmassive B. circulans cell growthwith a high
content of IAA in cultures growing in a bioreactor with PYMmedia,
it was important to demonstrate the biological efficacy of the
produced IAA on roots of A. thaliana. IAA produced by B. circulans E9
in a stirred tank bioreactor led to a significant reduction in primary
root elongation and promoted lateral as well as hairy root density in
A. thaliana plants, similar to synthetic IAA. Several studies
demonstrated that IAA produced by PGPR have a similar biological
efficacy to promote the plant growth than commercial IAA
(10,11,57e59). Taken together, these results suggest that the broth
containing IAA by B. circulans E9 can be effectively used to stimu-
lated the root system in plants, in comparison to commercial IAA.
Also, suggest that B. circulans E9 is a good candidate for the inex-
pensive and utmost production of IAA in short period. Further
studies regarding to increase IAA production adding or suturing L-
tryptophan in the culture medium is underway.
These results are relevant from a bioprocess perspective and
demonstrate that low-cost industrial substrates can be used to
formulate and optimize specific low-cost media to produce
important secondarymetabolites, such as IAA, by B. circulans E9 in a
bioreactor.

In conclusion, a low-cost medium (PYM) based on pea flour was
selected for B. circulans E9 growth to replace microbiological LB
medium. High IAA production was observed in PYM medium in
comparison to that observed in conventional LB medium in
Erlenmeyer flasks and was associated with a higher content of ar-
omatic amino acids. Cell growth and IAA in the Erlenmeyer flask
systemwere improved by the OTR increase achieved using different
closures. The B. circulans E9 culture grown in a bioreactor with PYM
medium showed better cell growth and IAA production than that
grown in Erlenmeyer flasks. The IAA produced by the B. circulans E9
culture grown in a bioreactor induced the root system in A. thaliana
in a similar manner to purified IAA. The results of this work suggest
that PYMmedium is feasible for growing B. circulans E9 to use it as a
biofertilizer.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiosc.2022.03.007.
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