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ABSTRACT: The substrate-based production system has been widely applied for farm arbuscular mycorrhizal fungi
(AMF) inoculum production. Plant growth promoting rhizobacterium (PGPR), Brevibacillus sp. SUT47 has been
discovered to promote AMF spore production when co-inoculating on maize roots. However, the application of whole
cell bacteria may cause the adverse outcome with contamination of bacterial cells in AMF inoculum. In order to avoid
the bacterial cell contamination, we attempted to develop a new methodology using the bacterial secretion compounds
as an optional technique to promote AMF spore production in maize roots. Secretion compounds of strain SUT47 were
concentrated by freeze-drying and co-inoculated with the spores of Acaulospora tuberculata on maize seedling. The
results showed that the bacterial secretion compounds promoted AMF spore production. The highest number of spores
was produced when 360 mg of concentrated secretion compounds were applied. In contrast, the significant reduction
of spore number was found when the secretion compounds at the concentration higher than 360 mg were applied.
These results indicate the production of AMF spore was responded to concentration of bacterial secretion compounds
which possibly contain an effective substance to promote AMF spore propagation.
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INTRODUCTION

Arbuscular mycorrhizal fungi (AMF) have been
widely distributed to terrestrial plants and have a
potential role to improve plant nutrients [1]. AMF
can be used as a biofertilizer to increase plant yield
in eco-agricultural system [2]. The need of AMF
inoculants has continuously increased due to their
potential support on plant growth through water
and mineral nutrient acquisition that is particularly
suitable for the situation of growing plant under
climate changes. Nevertheless, the bottle neck of
AMF application is the insufficient supply of AMF
inoculants due to difficult, laborious, and time-
consuming process of AMF inoculant production.
The most convenience with low cost AMF propaga-
tion technique is the substrate-based system, which
is normally used for farmers in developing countries.
However, the propagation rate is usually low.

Previously, the mycorrhization helper bacteria
(MHB) which are clearly selective of the fungal

species and adapted to live in the close vicin-
ity of the mycorrhizal fungus and their function
were reported to be involved in mycorrhiza for-
mation [3–5]. MHB can promote the AMF in-
fection in the different stages during tripartite of
bacterium-fungus-plant interaction. For example,
at pre-infection phase including spore germination
and hyphal growth was enhanced by MHB [6, 7].
The exudate of MHB is one of the factors capable
of stimulating fungal spore germination. Many re-
searchers reported that some rhizospheric bacteria
and their culture filtrates were able to stimulate the
spore germination and hyphal growth of Glomus
mosseae, G. fistulosum, and G. versiforme [8–11].
Not only MHB but also some of plant growth pro-
moting rhizobacteria (PGPR) were reported to pro-
mote biomass of AMF [12]. However, few reports
have been focused on the application of these bac-
teria to promote the propagation of AMF spores for
inoculant production.
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Previously, our team reported an effective
PGPR, Brevibacillus sp. SUT47 as a biofertilizer for
forage corn (Zea mays L.) [13], and this strain also
played the role on the enhancement of the coloniza-
tion and spore production of Acaulospora tubercu-
lata in maize roots (Zea mays L. cultivar Suwan 5)
under the substrate-based system [14]. However,
the drawback of this technique when applied for
AMF inoculum production is the presence of strain
SUT47 cells contaminated in AMF inoculum, and
it may not be appropriate if the high purity of
AMF spores is needed. To solve this problem, the
aim of this present study is to develop the new
methodology using the cell free-culture of strain
SUT47 (the secretion compounds) to increase the
spore propagation of A. tuberculata, which has been
widely used as a biofertilizer [15–18] for a better
quality of AMF inoculant production.

MATERIALS AND METHODS

Preparation of bacterial cells and secretion
compounds

The starter culture of Brevibacillus sp. SUT47 was
prepared in Luria-Bertani (LB) broth. Then, 0.1%
(v/v) of the fresh culture (OD600 = 1.0; approximate
cell number at 108 CFU/ml) was inoculated into
1000 ml LB broth and incubated on the shaker
at 28 °C, 150 rpm for 20 h before separating the
bacterial cells and the supernatant (secretion com-
pounds) using centrifugation. The culture at 20 h
after inoculation was in the late log phase of growth,
which is the duration that cells may secrete and
accumulate the highest amount of metabolites in the
medium while the cells are still active. The secretion
compounds were filtered twice using Nalgene filter
funnel (Thermo Scientific) combined with nylon
membrane with pore size of 0.45 µm and 0.2 µm,
respectively, to get rid of all bacterial cells. Then,
the cell free-culture was subjected to freeze-drying
process to concentrate the secretion compounds by
taking out 100 ml of the culture and transferring
to 500-ml CHRIST freeze-drying flasks. The pro-
gram of freeze-drying machine (Christ/Gamma2-16
LSCplu, Germany) was set at the shelf temperature
of −70 °C with vacuum at 0.110 mbar for 28 h.
The crude powder of the secretion compounds was
collected into dry tubes and stored at −80 °C until
use. The fresh LB broth medium was also freeze-
dried and used as control while the bacterial cells
were washed twice and dissolved in normal saline
(NaCl 0.85% (w/v)) by adjusting the bacterial cell
density equal to 108 cells/ml and used for further

experiment.

AMF inoculant production under substrate-
based system

The AMF inoculant production test was conducted
using pot culture technique under the controlled
greenhouse condition at Suranaree University of
Technology (14°52′21.4′′, E:102°1′20.2′′) during
Jan–Apr, 2018. Maize (Zea mays L. cultivar
Suwan 5) was used as a host plant. The seeds were
surface sterilized and germinated in a sterilized pa-
per towel. After 3 days, 1 seedling was transplanted
into the pot (1 l) containing the mixture by vol-
ume of sterilized vermiculite:sand (1:1). Seedling
was inoculated with 100 spores of A. tuberculata
(FJ687415) (School of Biotechnology, Suranaree
University of Technology, Thailand) per pot. One-
ml containing 108 cells of SUT47 was co-inoculated
once with AMF as a positive control treatment while
different concentrations (90, 180, 270, 360, and
540 mg/ml/plant) of SUT47 secretion compounds
were applied to determine the effect on promot-
ing AMF spore propagation. The same amount of
freeze-dried LB broth at each concentration was
included in the experiment as a control. Each treat-
ment was performed with 6 replications compared
with AMF-inoculated plant. Plants were grown
under the greenhouse with the light 14 h/10 h and
temperatures at 30±4 °C/28±4 °C day/night cycle.
Plant nutrients of 400 ml were exactly irrigated ev-
ery 3 days with a half strength of modified Hoagland
solution with 100 µM Pi [18].

Data collection

Post inoculation at 3 months, 3 replications of
each treatment were harvested to determine plant
biomass, chlorophyll content, and histological anal-
ysis. The chlorophyll contents were measured using
a spectrophotometer (SPAD502 Plus) on the third
and fourth leaves (from top). The plant shoots
and roots were harvested and dried at 70 °C for
48 h [19]. Mycorrhizal infection was observed
using the trypan blue staining method revealed by
Phillips and Hayman [20] and the percentage of
colonization was observed using grid-line intersect
method [21]. The remaining plants were further
dried by stop watering for 1 month before collecting
AMF spores.

AMF spore counting and statistical analysis

The AMF spores were extracted from the substrate
in each pot using the wet-sieving method followed
by sucrose gradient centrifugation [22, 23]. The
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Fig. 1 Trypan blue staining of the fungal colonization in
maize roots by A. tuberculata. Trypan blue staining of the
roots was used to visualize fungal structures at 90 dpi
under compound microscope: (A) extracellular hyphae,
Eh; (B) intracellular hyphae, Ih; (C) maize root hair, Rh;
and (D) vesicle, V.

statistical analyses were performed using SPSS 16.0
statistical software package (SPSS Inc., Chicago, IL,
USA). Data analyses were carried out using Tukey’s
honest significance test with p < 0.05 significance
level to determine the significance of differences
between the treatments.

RESULTS

Plant biomass was determined at 3 months after in-
oculation, and the data were presented in Table S1.
The plant growth according to the shoot dry weight
and root dry weight was not significantly different
among the treatments. Plant acquisition of nutrients
revealed in root/shoot ratio and the chlorophyll
content also showed no significant difference. Thus,
there was no direct effect of nutrients from LB broth,
secretion compounds as well as the application of
whole cell SUT47 on plant growth. The fungal
structure and root colonization efficiency were also
determined in the maize roots. There was no sig-
nificant difference in the AMF root colonization ef-
ficiency among all treatments (Fig. 1 and Table S1).

Then, the number of AMF spore was determined
at 4-month-old plant. The results showed that co-
inoculation of AMF with the cells of Brevibacillus sp.
SUT47 produced the highest number of spore prop-
agation. The number of AMF spores was 1.2 times
higher than that of the control (AMF inoculation
alone) (Fig. 2). Interestingly, the co-inoculation of
AMF with the SUT47 secretion compounds also cor-
relatively increased the number of AMF spores up to
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Fig. 2 Number of AMF spore formation at 4 months;
inoculated with AMF alone (blue bar), co-inoculated with
SUT47 cell (orange bar), and co-inoculated with different
concentrations of Luria Bertani medium (white bars) or
SUT47 secretion compounds (grey bars). Extra-spore
isolated from the substrate mixture of sand: vermiculite
(1:1) contained in the pot. Data are reported as averages
and standard error of mean (SEM) in triplicate. Same
letters above the bars indicate no significant difference
among treatments. Statistical analysis was determined
using Tukey’s HSD test (p < 0.05).

a certain concentration of the SUT47 secretion com-
pounds. However, the number of AMF spores was
lower than that of co-inoculation using SUT47 cells.
Based on the application of secretion compounds,
the significant increase of AMF spores was found
when applying the secretion compounds at 270 and
360 mg which increased the spore number of A. tu-
berculata up to 1463 and 1590 spores/plant, respec-
tively. The co-inoculation of AMF with LB medium
at different concentrations was also performed, and
the result showed that all concentrations of LB
medium significantly reduced the number of AMF
spores when compared to the plant inoculated with
AMF alone. Therefore, the AMF spore propagation
may be inhibited by some composition contained in
LB medium that may have an effect mainly on spore
germination. Nevertheless, some concentrations
of SUT47 secretion compounds could significantly
increase the number of AMF spores when compared
to control. This result revealed the effect of some
compounds secreted from SUT47 that can increase
the AMF spore propagation.
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DISCUSSION

In this study, we developed a new technique us-
ing the secretion compounds from Brevibacillus sp.
SUT47 to promote the spore propagation of A. tu-
berculata. Brevibacillus sp. SUT47 was discovered
to promote AM root colonization and spore number
of A. tuberculata in maize. This bacterium also
has an influence on the alteration of some plant
defense-related compounds and antioxidative en-
zyme activities associated with an enhanced maize
root colonization by AMF and may result in the in-
crease of the spore production [14]. Therefore, the
strain SUT47 has potential to stimulate AMF spore
propagation for the purpose of enhancing AMF in-
oculum production efficiency under substrate-based
production system.

In this study, we focused on the activation
of AMF spore number produced per plant using
the secretion compounds from the strain SUT47 to
avoid the contamination of its bacterial cells in the
AMF inoculum. It was found that at the specific
concentration of secretion compounds of SUT47
in range of 270–360 mg/plant could promote the
spore number of A. tuberculata (Fig. 2). This result
indicates that the secretion compounds of strain
SUT47 contain some substances that may interact
with plant or interact directly with AMF and activate
the propagation of AMF spores. These interactions
seem to be dose responses of the specific benefi-
cial compounds. However, too much concentration
of those substances could interfere this beneficial
interaction. Nevertheless, the deep biochemical
experiments are further required to identify the ben-
eficial compounds and their interaction on AMF or
plant, and the structure of main active compound is
required to be investigated. However, the number of
spores produced from maize treated with secretion
compounds was still significantly less than that of
plant treated with the living cells of strain SUT47. It
could be possible that the colonization of living bac-
terial cells on maize root could benefit continuously
secreted beneficial compounds at suitable amount
along with plant growth which is probably better
than one time treated with concentrated secretion
compounds. Moreover, colonization of living cells
could have more interactions with plant through
several plant hormones produced from bacteria that
may require the signaling from plant or AMF in
tripartite interactions and may results in supporting
the AMF spore production. Recently, the effective
signalling compounds in broth culture of PGPR had
potential to be a biostimulant by promoting seed

germination and plant growth at early stage [24].
Several PGPR are known to excrete hormones such
as IAA as well as cytokinin and gibberellin that can
enhance plant growth [25, 26]. However, this study
showed that co-inoculation of AMF with SUT47 liv-
ing cells or their secretion compounds did not affect
plant growth. Although SUT47 has been reported to
promote the growth of forage corn [13], this strain
when applied together with AMF on maize did not
promote plant growth [14]. It is likely possible that
these beneficial secretion compounds could directly
affect AMF sporulation and spore propagation since
there is no effect on the AMF colonization (Fig. 2).
It has been reported that inoculation of Klebsiella
pneumoniae on sea oats (Unicola paniculata) in-
creased spore germination and hastened branching
of Glomus deserticoloa [27].

Therefore, this study showed the application
of secretion compounds from SUT47 at the opti-
mal concentration to stimulate spore production of
A. tuberculata in maize roots. Although the spore
number was lower than that of using living cells
of SUT47, this technique may be appropriate for
high quality AMF inoculant production to avoid the
contamination of bacterial cells. However, the pref-
erence or the compatibility among plant host, AMF,
and bacterial species could be an obstacle when
using this technique to produce other species of AMF
inoculant. Thus, the finding of specific compounds
that commonly activate the colonization and spore
production of various AMF species and their behind
mechanisms still remains to be further investigated.

Appendix A. Supplementary data

Supplementary data associated with this arti-
cle can be found at http://dx.doi.org/10.2306/
scienceasia1513-1874.2020.073
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Appendix A. Supplementary data

Table S1 Biomass production of maize Suwan 5 and fungal colonization at 3 months; inoculation with/without Luria
Bertani medium and secretion compounds at the different concentrations.

Sample
Concentration Plant biomass Fungal

(mg) Chlorophyll content Shoot DW Root DW R/S ratio colonization
(SPAD units) (g) (g) (%)

AMF (−) – 18.64±2.42 18.91±1.47 15.52±0.86 0.74±0.06 –
AMF (−) + SUT47 – 19.06±0.73 20.23±1.34 14.34±0.51 0.71±0.04 –
AMF (−) + Secretion 90 18.46±0.50 18.42±1.47 15.52±0.94 0.75±0.01 –
AMF (−) + Secretion 180 17.75±0.72 17.75±1.04 16.78±0.17 0.95±0.07 –
AMF (−) + Secretion 270 18.34±0.78 18.34±0.56 17.56±0.99 0.96±0.08 –
AMF (−) + Secretion 360 19.42±0.79 19.42±0.50 17.23±1.60 0.89±0.10 –
AMF (−) + Secretion 450 17.95±1.32 17.90±1.30 16.62±0.76 0.82±0.02 –
AMF (−) + Secretion 540 17.62±1.24 17.62±1.27 16.53±1.42 0.94±0.09 –
AMF (+) – 20.83±0.38 21.38±0.48 14.60±0.80 0.68±0.04 87.00
AMF + SUT47 – 23.93±1.52 21.40±0.61 15.61±0.63 0.73±0.05 92.67
AMF + Luria Bertani 90 21.73±0.28 23.21±2.81 20.37±1.11 0.88±0.05 79.67
AMF + Luria Bertani 180 27.20±2.77 23.21±2.81 18.37±2.27 0.80±0.08 80.67
AMF + Luria Bertani 270 20.00±0.65 25.71±1.90 19.39±1.28 0.76±0.05 86.33
AMF + Luria Bertani 360 17.73±0.68 21.76±0.25 17.89±1.23 0.82±0.08 82.00
AMF + Luria Bertani 450 21.93±1.60 23.31±1.82 17.38±0.69 0.75±0.05 79.33
AMF + Luria Bertani 540 19.87±0.75 24.01±0.44 18.95±2.52 0.79±0.01 79.00
AMF + Secretion 90 21.20±2.88 25.06±1.18 15.25±2.52 0.61±0.02 81.67
AMF + Secretion 180 19.60±2.15 20.81±0.71 16.52±1.11 0.79±0.01 78.00
AMF + Secretion 270 19.33±0.64 20.55±1.07 15.63±2.27 0.75±0.06 90.67
AMF + Secretion 360 19.50±0.57 20.71±1.01 13.14±1.28 0.63±0.06 81.33
AMF + Secretion 450 19.50±1.01 20.22±0.36 15.64±1.23 0.77±0.03 81.33
AMF + Secretion 540 19.36±0.33 20.27±1.86 17.34±0.69 0.86±0.04 79.67

AMF (−), no AMF inoculation; AMF (+), inoculation with A. tuberculata; + SUT47, inoculation with SUT47 cells;
+ secretion, inoculation with SUT47 secretion compounds; + Luria Bertani, inoculation with Luria Bertani medium.
The number corresponds with specific plant biomass. Data are presented as averages± standard error of mean
(SEM) from 3 biological replicates. DW indicates plant dry weight (g/plant).
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