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biofertilizers with specific targets related to the soil limitations are limited. This study
aimed to examine AM inocula from several sources using various compositions of acid
mineral soil-based media and maize hosts in pot cultures to obtain effective AM inocula to
handle the phosphor (P) limitations in acid mineral soils. Zeolite and Inceptisols were used
as comparing media. The study utilized a completely randomized factorial design with two
factors, namely C = media composition (CO: zeolite; C1: representative media of Alfisols;
C2: typical media of a mixture of Alfisols, Oxisols, and Ultisols; C3: typical media with the
addition of Bio-RP nutrition; C4: Inceptisols) and | = AM inoculum source (I0: without
inoculum; I1: inoculum from Alfisols; 12: mixed inoculum from Alfisols, Ultisols, and Oxisols;
13: mixed inoculum from eight soil types), and six replications per treatment combination.
The AM cultures on acid mineral soil-based media, which yielded the highest mycorrhizal
infection, spore reproduction, and glomalin content, were C112 and C312, while the highest
maize growth and P concentration were obtained with C1l1, ClI2, C2I1, and C3I2.
Compared to all the treatments, C111 and C112 are the superior AM cultures. Further study
is necessary to confirm the effectiveness of AM cultures.
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1. INTRODUCTION

Acid mineral soils are dominated by three soil orders,
namely Alfisols, Ultisols, and Oxisols (Kamran et al., 2018),
which occupy approximately 50% of the world’s plains
(Kochian et al., 2004). The distribution of the three soil orders
in Indonesia is around 108.8 million ha with the widest
distribution in the Sumatra, Kalimantan, and Papua regions
(Mulyani & Sarwani, 2013). Acid mineral soil types are
characterized by their low pH (Pan et al., 2019), high
exchangeable aluminum content (Seguel et al., 2016), low
nutrient content, especially phosphorus (Antoniadis et al.,
2016), low cation exchange capacity and base saturation,
alkaline saturation (Shi et al., 2017), and low soil organic
matter (Sarma et al., 2017). The availability of P is known to
be one of the main limiting factors for plant growth in acid
mineral soils (Goulding, 2016).

Several studies indicate that the application of arbuscular
mycorrhiza (AM) inoculum as a biofertilizer can be an
alternative to overcome problems in acid mineral soils,

especially regarding the fixation of different P forms, which
contribute to their unavailability for plant growth (Mora et al.,
2019). AM fungi colonize nearly 78% of plant species and form
a symbiosis with the host in exchange for nutrients and water
by energy in the form of carbonated compounds (Brundrett
& Tedersoo, 2018). The important roles of AM symbiosis
include increasing nutrient uptake, especially P (Smith &
Smith, 2011), raising water uptake (Santander et al., 2017),
improving soil aggregation (Zhang et al., 2019), protecting
crops from pests and diseases (Vos et al., 2013), and
increasing plant tolerance to the toxicity of heavy metals
(Crossay et al., 2020). In the interaction with the host, AM
fungi produce a hydrophobic glycoprotein called “glomalin,”
which has crucial functions, including protecting AM hyphae
from the loss of nutrients and water due to erosion (Wu et al.,
2014), stabilizing soil aggregates and increasing carbon
sequestration (Peng et al., 2013), and raising organic nitrogen
in soils (Wright et al., 1998). The glomalin content has also
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been used as an indicator of mycorrhizal activity (Lovelock et
al., 2004).

AM inoculum has been commonly applied in the forms of
spores (Salgado et al., 2016), infected root fragments and/or
pot/trap culture containing sand and infected roots (El
Maaloum et al., 2020), extramatrical hyphae (Friese & Allen,
1991; He et al., 2020), soil mixed with AM spore propagules
and fungal hyphae (Suri & Choudhary, 2013, 2014); Suri &
Choudhary, 2014), AM culture mixed with fine sand
(Laxminarayana, 2016), and commercial inoculum containing
propagules (spores, mycelium, and colonized root fragments
in zeolite as medium) (Lopes et al., 2022; Lopes et al., 2021).
Many studies have reported the utilization of AM inoculum to
improve plant growth and vyield. However, information
regarding the production strategy of AM inoculum with
specific effectiveness targeted to particular crops, soil types,
or soil conditions is still limited.

Cahyani, Alfin, et al. (2019) and Cahyani, Suryanti, et al.
(2019) emphasized the importance of test-screening the
functional capability of different AM inocula under targeted
conditions to obtain an effective AM biofertilizer. Evaluating
media selection for AM biofertilizer production by
considering the characteristics of the target soil type is also
crucial.

The present study aimed to investigate the interaction
between media composition and mycorrhizal sources in the
formulation of AM cultures to determine the high
effectiveness of AM cultures, which were targeted to be
applied on acid mineral soils. This study is the first to screen
AM isolates from various sources using different
compositions of acid mineral soil-based media to obtain the
effective AM inoculum in handling P constraints in tropical
acid mineral soil. Three compositions of acid mineral soil-
based media were examined. The first media comprised an
Alfisols as one representative type of acid mineral soils; the
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second media was a mixture of Alfisols, Oxisols, and Ultisols
or some typical acid mineral soils; the third media had the
same composition as the second media, which comprised a
mixture of Alfisols, Oxisols, and Ultisols with additional Bio-RP
nutrition. In addition, zeolite and Inceptisols were used for
comparison media. Zeolite is the representative of
commercial media in producing AM biofertilizers, whereas
Inceptisols is the representative of a soil-media type with a
minimal limitation for P availability.

2. MATERIALS AND METHODS
2.1. Soil Sampling

Rhizospheric soils of healthy maize and elephant grass
from eight soil types (Alfisols, Oxisols, Ultisols, Inceptisols,
Andisols, Histosols, Vertisols, and Entisols), distributed across
10 locations in Central and West Java, Indonesia (Table 1)
were collected from December 2019 to January 2020 to
obtain AM inoculum sources. AM spores were isolated by wet
filtration and precipitation methods (Gerdemann & Nicolson,
1963) with glucose solution and centrifuged (lanson & Allen,
1986). The counting of AM spores under a stereoscopic
microscope according to the method of He et al. (2010) and
the characterization of AM spores were conducted at the
genus level (Souza, 2015).

Non-rhizospheric soils from four soil types (Alfisols,
Oxisols, Ultisols, and Inceptisols) (Table 1) were taken in
January 2020 for pot culture media. The soil samples were
then air-dried, sieved at a diameter size of 2 mm, and
prepared for pot culture media. In addition to the four soil
types, zeolite was used as a comparison media. Furthermore,
zeolite was added to all soil-based media with a 20% w/w
zeolite proportion of the total weight of media/pot to ensure
media porosity. The chemical characteristics of each media
type are presented in Table 2.

Table 1. Soil sampling locations for rhizospheric soil for mycorrhizal arbuscular inoculum sources and non-rhizospheric soil for

pot culture media

. . . Latitude & Diversity Mycorrhizal Spore density
Sampling Location Soil Type Longitude Genera (spores/100 g soil)
Jumantono, Karanganyar, CJ Alfisols 07°37°47"S,; Glomus, Acaulospora 703 £ 25
’ g y ’ 110056’51’IE 7 p -
. 07°15’58"S; .
’ +
Bawen, Semarang, CJ Oxisols 110°27'06”E Glomus, Gigaspora 91+16
. 06°29'01"S;
’ +
Kentrong, Lebak, W) Ultisols 106°28'01”E Acaulospora, Glomus 537 +21
. 07°39°20"S; Gigaspora, Acaulospora, +
Ceper, Klaten, CJ Inceptisols 110°44'21"E Glomus 1105+ 93
Tengaran, Semarang, CJ Andisols 07°15'517S; Glomus, Acaulospora 2273+ 35
g ’ gl 110026’57”E 7 p -
. 07°39'52"S; Glomus, Gigaspora,
+
Tawangmangu, Karanganyar, CJ Andisols 111°10'45"E Acaulospora 4912 +13
Banyubiru, Semarang, CJ Histosols 07°18'23"S; Glomus, Acaulospora 685 + 17
y ’ gl 110025’21”E 7 p -
. 07°15’48"S; Scutellospora, Gigaspora,
+
Bawen, Semarang, CJ Histosols 110°27°00”E Glomus 650+ 10
. . 07°31°'06"S; Acaulospora,Glomus,
+
Gondangrejo, Karanganyar, CJ Vertisols 110°56'51"E Gigaspora, Scutellospora 489 + 20
. . . 07°51'46"S;
+
Pracimantoro, Wonogiri, CJ Entisols 110°54'26"E Glomus, Acaulospora 251+ 16

Remarks: CJ = Central Java Province and WJ = West Java Province, Indonesia
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Table 2. Chemical characteristics of non-rhizospheric soil and zeolite used for pot culture media

. . Media Types

Chemical Analysis Alfisols Oxisols Ultisols Inceptisols Zeolite
pH H,O 6.1 5.7 4.5 6.45 7.5

pH KCI 5.0 4.8 33 5.88 7.3
Organic C (%) 1.6 0.3 1.7 1.8 0.1
Total N (%) 0.1 0.04 0.28 0.25 0.02
Available P (mg.kg™) 1.03 0.83 1.65 2.16 0.57
Total P (%) 0.024 0.037 0.074 0.081 0.009
Al-dd (cmol(+).kg™) 1.32 2.61 15.83 0.53 0.00

2.2. Greenhouse Pot Experiment

A pot experiment was performed at the greenhouse of the
Faculty of Agriculture, Sebelas Maret University, Surakarta,
Central Java, Indonesia, from February to June 2020.

The greenhouse experiment was conducted using a
completely randomized factorial design with two factors,
namely media composition (C) and AM inoculum source (1),
which comprised five and four levels, respectively. All
treatment combinations were set up for six replications. The
first factor of media composition (C) comprised the following:
CO: zeolite media; C1: representative media of Alfisols; C2:
typical media of a mixture of Alfisols, Oxisols, and Ultisols; C3:
typical media with additional Bio-RP nutrition; C4: Inceptisols
media. The second factor of AM inoculum source (l)
comprised the following: 10: without inoculum; I1: inoculum
from Alfisols; 12: mixed inoculum from Alfisols, Oxisols, and
Ultisols; 13: mixed inoculum from eight soil types (Alfisols,
Oxisols, Ultisols, Inceptisols, Andisols, Histosols, Vertisols, and
Entisols). Each pot culture with a diameter and depth of 8 and
12 cm, respectively, was prepared by adding 300 g media,
which comprised 80% (w/w) of a mixture of soil compositions
according to treatments (C1, C2, C3, and C4) and 20% (w/w)
of zeolite. The treatment of CO contained 100% zeolite. Bio-
RP nutrition, which was added to media C3, contained a
mixture of liquid cultures of N-fixing and phosphate-
solubilizing bacteria at a dosage of 10 mL/pot and 0.04 g/pot
of rock phosphate. Maize BISI Il variety was planted in two
seeds/pot. Seven days after planting (DAP), the AM inoculum
was inoculated in the rhizospheric area at a dosage of 30
spores/pot comprising AM sources according to each
treatment. The moisture content of pot culture media was
maintained at around 70% of field capacity. The plants were
harvested on 70 DAP at the maximum vegetative period for
three replications of the treatments. The plant and root
samples and the media were then subjected to analysis of
plant growth parameters, mycorrhizal infectivity, and
soil/media chemical characteristics. For the three other
replications, pot cultures were extended for 30 days with no
additional watering or allowing the plant to dry until 100 DAP,
and then the media was subjected to the AM spore
reproduction analysis.

2.3. Analysis of Pot Culture Media, Arbuscular
Mycorrhiza (AM) Colonization, and Plant Growth
The chemical characteristics of each media (soil and
zeolite) were analyzed considering pH (H.0) and (KCl) using a
digital pH meter (1:2.5; soil:solution), organic C (Walkley and
Black method), total N (Kjeldahl method), and available P
(Olsen method) (Pansu & Gautheyrou, 2006).
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The AM colonization parameter was observed from the
AM infectivity, spore density (SD), and the content of
glomalin-related soil protein (GRSP). The AM infectivity was
measured on the basis of the root staining method
(Giovannetti & Mosse, 1980; Phillips & Hayman, 1970). The
SD, which was observed on 70 and 100 DAP, was measured
on the basis of the sequential spore isolation procedures by
using the wet filtration and precipitation methods
(Gerdemann & Nicolson, 1963)) and the centrifugation
method with glucose solution (lanson & Allen, 1986). AM
spores were continuously counted under a stereoscopic
microscope (He et al.,, 2010). The GRSP was measured as
easily extractable glomalin-related soil protein (EE-GRSP) and
total glomalin-related soil protein (T-GRSP), which were both
extracted with 50 mM sodium citrate (pH 8.0) and then
autoclaved for 30 and 90 min, respectively, according to
Wright et al. (1998) as modified by Syamsiyah et al. (2014).
The supernatant from each extract was collected by
centrifugation and was then subjected to determining GRSP
using the Bradford assay with bovine serum albumin as the
standard (Bradford, 1976).

Plant growth parameters, including plant height, root
fresh and dry weight, plant fresh and dry weight, chlorophyll
content, and P concentration, were observed. The chlorophyll
content was measured using a spectrophotometer (Hendry &
Grime, 1993). The P concentration content was measured
from the leaf samples by using the acid digestion method with
mixtures of nitric and perchloric acids (Wheal et al., 2011;
Zarcinas et al., 1987).

2.4. Statistical Analysis

All obtained data were analyzed by ANOVA (Analysis of
Variance), DMRT (Duncan Multiple Range 5% Test), and
Pearson correlation analysis. Statistical analysis was
performed using the IBM SPSS 23.0 application on Windows
10.

3. RESULTS
3.1. Effects of the Treatments on Soil
Characteristics

The interaction between the treatments of media
composition and AM inoculum source (C x 1) had a very
significant effect (p < 0.01) on pH (H,0), organic C, total N, and
available P but no significant effect (p > 0.05) on pH (KCI)
(Table 3). Among the acid mineral soil-based media (C1, C2,
and C3), on the representative media of Alfisols (C1), the
inoculation treatment of 12 resulted in the highest available P
with an increase of 160% compared with the corresponding
control (C110).

Chemical
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Table 3. Effect of the treatment on soil chemical characteristics
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pH H,0 pH KCI Organic Carbon (%) Total N (%) Available P (mg kg™?)
F values
C 122%* 116** 52.9%* 62.1** 69.7**
I 8** 3.6%* 121** 144** 89**
Cxl 2.4%% 1.2ns 19.7%* 18.1** 8.5%*
Media Composition (C) x Mycorrhizal Arbuscular Inoculum (1)

colo 8.7 £0.19I 6.8 £0.34 0.3 +0.05a 0.08 £ 0.02a 0.46 £ 0.03a
Col1 8.31+0.11jk 7.1£0.29 2.2 £ 0.04fg 0.21+£0.01b 2.92 + 0.08cdef
CoI2 8.0 £ 0.35hijk 6.8 £0.23 1.6 £ 0.05cde 0.29 £ 0.01de 1.99+£0.14b
coi3 8.3 £ 0.20jk 6.8 +0.16 1.3 +0.06c 0.35 £ 0.01f 2.68 + 0.04bcde
Cc1i0 7.2 £ 0.04cde 6.4+0.40 1.7 £0.02de 0.17 £ 0.00b 2.36 £ 0.32bc
ci11 7.4 £ 0.22efg 6.6+0.24 3.1+ 0.04j 0.49 £0.01h 4.22 £0.10gh
C112 7.2 £ 0.05cdef 6.8+0.14 2.3+0.02gh 0.28 £ 0.01de 6.14 + 0.09k
Cc13 7.6 £ 0.15fghi 6.5+0.35 1.9 £ 0.02ef 0.37 £0.00g 3.37 £ 0.09defg
C210 6.2+0.11a 4.3+0.62 0.9+0.01b 0.11+0.01a 2.48 £ 0.03bcd
c211 6.6 + 0.26ab 46+0.71 1.5 +0.05cd 0.27 £0.00cd 3.80 £ 0.12fg
C212 6.4 +0.23a 4.8+0.76 2.4 £0.04gh 0.33 £0.01ef 4.86 + 1.38hij
C213 6.9 + 0.14bcd 4.5+0.20 2.8 £ 0.32ij 0.19 £0.02b 5.48 + 0.13ijk
c3l10 6.4 +0.24a 4.5+0.70 1.6 £ 0.45cde 0.22 £ 0.06bc 3.41+0.87efg
c3i 6.6 + 0.14ab 5.0+0.41 1.7 £0.11de 0.28 £0.01d 3.83 £ 0.08fg
C312 6.6 £ 0.19ab 4.7+0.28 2.9 1 0.25ij 0.36 + 0.04f 5.70 £ 0.07jk
C313 6.9 + 0.38bc 4.7+0.26 2.5 £ 0.60ghi 0.43 +£0.10g 5.18 + 1.41ij
calo 7.4 +£0.31def 6.0+0.17 1.5+0.04cd 0.26 £ 0.00cd 3.21 £ 0.12cdef
call 7.6 £ 0.20efgh 6.4+0.15 2.4 £0.08gh 0.34 £ 0.01ef 4.77 £0.03hi
Cal2 7.8 £ 0.41ghij 6.3+0.04 3.0£0.03j 0.41+0.01g 7.59 £ 0.07I
C4l3 8.1+ 0.38ijk 6.7+0.10 2.7 £0.03hi 0.46 £ 0.00gh 5.17 + 0.06ij

Remarks: Significant levels: ns = no significant, * = p < 0.05, ** = p <0.01. Means followed by same letter (s) are not significantly

different at 5% level by DMRT.

In the typical media of C2, the treatments of 12 and 13 gave
significant increases in available P at 96% and 121%,
respectively, compared with C2I0. In the typical + Bio-RP
nutrition media of C3, the significant increase in available P as
indicated by C312 and C3I3 was at 67% and 52%, respectively,
compared with C3I0 (Table 3). Among those treatments that
yielded the highest increase in available P on the three acid
mineral soil-based media (C1, C2, and C3), by comparing with
the respective corresponding control, namely C112 with C1I0,
C213 with C210, and C312 with C3I0, it was revealed that C1I2
yielded the highest increase in available P to the level of 6.14
mg.kg™.

The addition of Bio-RP nutrition on C3 media significantly
increased organic C and total N. Thus, comparing C3I0 and
C210, the organic C and total N of C310 were 78% and 100%
higher than C2I0, respectively.

The status of available P on zeolite media without
mycorrhizal inoculation (COI0) was at 0.46 mg kg or
approximately 19.5% of the available P level on Alfisols media
(C110) (Table 3). However, on the CO media, the inoculation of
mycorrhizal with the treatment of 11, 12, and 13 increased
available P by 535%, 332%, and 482% compared with |0 (Table
3), respectively. Table 3 shows that the highest increase in
available P resulted in 2.92 mg kg™ on COI1.

For the Inceptisol media (C4), the level of available P on
C410 was 3.21 mg kg™ or 136% of the available P level on
Alfisols media (C110) (Table 3). The mycorrhizal inoculation
treatments of 11, 12, and 13 on the Inceptisol media resulted
in an increase in available P by 49%, 136%, and 61%,

respectively, compared with C410 (Table 3). This finding
indicates a similar percentage of the increase as found on acid
mineral soil-based media.

3.2. Effects of Treatments on Mycorrhizal Colonization

The ANOVA results revealed the very significant effect (p
<0.01) of the interaction of the treatments (C x I) in increasing
mycorrhizal infectivity (Ml), SD at 70 and 100 DAP, EE-GRSP
concentration, and T-GRSP (Table 4). By comparing the
treatments on acid mineral soil-based media (C1, C2, and C3)
with the corresponding controls that produced the highest
M, SD at 100 DAP, EE-GRSP, and T-GRSP, C112 compared with
C110, C213 with C2I0, C3I12 and C310 showed the following: an
increase of 507%, 248%, and 340% for M, respectively; an
increase of 86%, 98%, and 81% for SD at 100 DAP,
respectively; an increase of 175%, 86%, and 115% for EE-
GRSP, respectively; and an increase of 108%, 52%, and 54%
for T-GRSP, respectively. Thus, C112, which had Ml of 91%, SD
697 spores/100 g of media, EE-GRSP of 0.77%, and T-GRSP of
0.81%, showed the highest increase in Ml, SD, EE-GRSP, and
T- GRSP among acid mineral soil-based media.

On zeolite media (C0), the highest MI was exhibited by the
treatment combination COI3, whereas on Inceptisol media
(C4), the highest Ml was found in the treatment combination
CA4l2. As for the variable SD, the treatment without inoculum
(10) on zeolite media (C0) showed no mycorrhizal spores. On
zeolite media, the highest spore production at 100 DAP was
obtained by the treatment COI1 (341 spores/100 g of media),
followed by COI3 (282 spores/100 g of media) and COI2 (250
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spores/100 g of media). These spore productions on zeolite
showed significantly lower levels compared with those on
acid mineral soil-based media. Notably, among the
treatments without mycorrhizal inoculation on acid mineral
soil-based media (C110, C210, and C310), the lowest SD was
yielded by the C2I0 treatment (275 spores/100 g media)
(Table 4). On Inceptisol media (C4), the highest SD was found
in the treatment C4l12. As represented by EE-GRSP and T-
GRSP, the highest glomalin content was obtained by the COI1
treatment on zeolite and C412 on Inceptisols media.

3.3. Effects of Treatments on Plant Growth

The interaction of the treatments (C x 1) had a very
significant effect (p < 0.01) in increasing P concentration,
chlorophyll content, plant height, root fresh and dry weight,
and plant fresh and dry weight. The DMRT results revealed
that on mineral acid soil-based media (C1, C2, and C3), the
highest increases in plant fresh and dry weights on media C1
were obtained by the two treatments of C1lI1 and C1I2.
Compared with C1l0, the increase in plant fresh weight was
19.2% and 18.7% and the increase in plant dry weight was
80.8% and 59.1%, respectively. On media C2, the highest
plant fresh and dry weights were obtained by C211; compared

SAINS TANAH — Journal of Soil Science and Agroclimatology, 19(1), 2022

with C210, the increase was 75.5% and 55.9%, respectively. On
media C3, the highest plant fresh and dry weights were
obtained by C312; compared with C3l0, the increase was
15.8% and 12.3%, respectively (Table 5).

The measurement of root fresh and dry weights showed
that the highest level on media C1 was obtained by the
treatment of C111 (5.22 and 2.85 g plant?) and followed by
C112 (3.71 and 1.95 g plant™); on media C2, the highest level
was obtained by the treatment C211 (5.09 and 2.35 g plant?);
on media C3, the highest level was obtained by the treatment
C312 (5.28 and 2.16 g plant®) (Table 5).

The variable of P concentration in shoot tissues, which
was the main indicator to examine the functional capability of
AM cultures in handling the P limitation on acid mineral soils
in the present study, showed varying results for each type of
media composition.

The highest P concentrations on each composition of acid
mineral soil-based media (C1, C2, and C3) were obtained by
C1I1 (0.21%), C112 (0.2%), C2I1 (0.16%), and C3I12 (0.19%)
(Table 5). Compared with the corresponding controls (C110,
C2I0, and C310), the increase in P concentration obtained by
treatments C1I11, C112, C211, and C312 were 200%,
186%,167%, and 136%, respectively.

Table 4. Effect of the treatment on arbuscular mycorrhizal parameters

SD 100 DAP
MI (%) 2D TOPAR  (spore/100g EE-GRSP (%) T-GRSP (%)
(spore/100 g media) )
media)
F values

C 5.4%* 3233%* 1899%* 5415%* 29931**

I 75.3** 3828%* 2521%* 2891%* 14765**
Cxl 8.6%* 438%* 266** 579** 2141%**

Media Composition (C) x Mycorrhizal Arbuscular Inoculum (1)

Ccoio 0+0a 0%0a 0%0a 0.14 £ 0a 0.14 +0a
Col1 61+ 10.07gh 291 + 6e 341 +14.2d 0.32 £0.001e 0.56 £ 0.002h
C0I2 32 + 4bcde 191+ 7.6b 250+ 6.2b 0.21 £0.001b 0.37 £ 0.003b
COoI3 52 + 10.58fg 251+ 14.2c 282 + 10.8c 0.26 £ 0.003c 0.44 £ 0.002d
C1i0 15+ 6.11ab 350+ 4.6g 374 £ 10.5e 0.28 £ 0.001d 0.39 £ 0.005c¢
Cli1 56 * 16fgh 465 + 12k 518 + 7.6i 0.46 £ 0.003h 0.65 £ 0.001k
C1I2 91 + 4.62i 651 £ 6q 697 £ 6.20 0.77 £0.004n 0.81 +0.002q
C1I3 29 + 8.33bcd 376 £ 4.6h 405 + 12f 0.36 £ 0.003f 0.46 £ 0.001e
Cc2i0 21+ 6.11bc 264 + 6d 275 +£8.7c 0.35 £ 0.003f 0.50 £ 0.003g
C2I1 40 + 4cdef 346 £ 4.6g 403 + 12.1f 0.45 £ 0.003gh 0.61 £ 0.002j
C212 64 * 4gh 433 £ 9.2j 465 + 13.1h 0.52 £ 0.003i 0.68 +£0.003 m
C2I3 73 £+ 28.94hi 517 £ 7.6l 547 £ 7.6j 0.65+0.027 m 0.76 £0.0020
C310 20+ 12b 313 £9.2f 370+ 8.7e 0.26 £ 0.003c 0.48 £+ 0.003f
C3I1 32 + 12bcde 407 £ 6.2i 428 +13.9g 0.36 + 0.002f 0.58 + 0.004i
C3I12 88 + 8i 606 + 60 671+9.6n 0.56 £ 0.003j 0.74 £0.003n
C3I3 47 + 8.33defg 543+52m 613 +12.1l 0.44 £ 0.002g 0.66 + 0.003lI
C410 24 + 4bc 263 + 4.6d 272 £ 3.5¢ 0.59 + 0.004k 0.77 £0.003p
Cal1 51 + 10.07efg 322 + 4.6f 368 £9.2e 0.63 £ 0.004Im 0.85 +0.003r
C4l12 87 £ 8.33i 646 + 7.6p 665+8.7m 0.77 £0.001n 1.01 £ 0.002t
C4l13 61 +6.11gh 556 £ 7.6n 609 + 7.9k 0.63 +£0.013lI 0.92 £ 0.001s

Remarks: MI: Mycorrhizal Infectivity; SD 70 DAP: Spore Density 70 Days After Planting; SD 100 DAP: Spore Density 100 Days
After Planting; E-GRSP: Extractable Glomalin-Related Soil Protein; T-GRSP: Total Glomalin-Related Soil Protein. Significant
levels: ns = no significant, * = p < 0.05, ** = p < 0.01. Means followed by the same letter (s) are not significantly different at 5%

level by DMRT.
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Table 5. Effect of the treatment on plant growth: plant height, root fresh and dry weight, plant fresh and dry weight,

chlorophyll, and P concentration

Plant Height Roqt Fresh Ro.ot Dry PIan.t Fresh PIa.nt Dry Chlorophyll P concentration
(cm) Weight (g) Weight (g) Weight (g) Weight (g) (%)

C 340%** 12%* 9** 171** 67** 9** 1718%*

| 196** 3x* 3ns 41%* 19** 20%* 5254%**
Cxl 43** 58** 15** 30** 15** 5** 653**
colo 23.6+0.25a 1.54 £0.02a 0.67 +0.05a 2.28+0.06a 1.00 £ 1a 0.16 + 0.002a 0.04 +0.002a
coll 26.7 £0.98b 1.80 £ 0.06a 0.74 £0.03a 2.64 +£0.06a 1.09 £ 1.09a 0.33 +0.004bc 0.06 + 0.003c
col2 23.9+1.30a 2.33+0.48b 0.86 +0.02ab 3.79 £ 0.68b 1.26 £ 1.26a 0.39 + 0.005cdef 0.08 +0.001e
coi3 36.4+0.78d 3.11+0.15d 1.24 +0.12bc 3.97+0.11b 1.72+£1.72b 0.44 +0.005def 0.10 + 0.006g
c1l0 40.2 +2.14e 3.19 £ 0.06d 1.23 +0.01bc 5.73 £ 0.24ef 2.08 +2.08cd 0.29 +0.008b 0.07 +0.004d
Cci11 47.6 £1.21g 5.22+0.17h 2.85 = 0.05h 6.83 £0.30g 3.76 £3.76h 0.48 £ 0.002f 0.21 £0.002n
C112 54.4£0.85h  3.71+0.07ef 1.95 + 0.14ef 6.80+0.18g 3.31+2.31h 0.51 +0.011g 0.20 +0.003 m
C113 40.3+1.21e 3.47+0.27def  1.53 £0.04cde 5.59+0.21e 2.30+2.30cde  0.41 £0.013cdef 0.09 + 0.003f
c210 30.0+2.79c 2.74 +0.28c 1.52 £ 0.15cde 4.21 £ 0.65bcd 1.86 + 1.86bc 0.38 +0.112bcde 0.06 + 0.001c
cn 41.2 £0.81e 5.09 +0.07h 2.35+0.34g 7.39+0.37h 2.90+2.90g 0.39 + 0.023cdef 0.16 + 0.001k
c212 32.3+1.01c 3.27 £0.07d 1.69 £ 0.23de 4.68 + 0.44cd 2.33+2.33de 0.38 +0.128bcd 0.15 + 0.002j
ca13 47.1+1.21g  2.61+0.23bc  1.55£0.02cde 4.12 £ 0.18bc 2.17 +£2.17de 0.34 +0.028bcd 0.12 +0.001h
c3i0 40.5 +2.5% 4.15+0.13g 1.86 * 0.56ef 5.90 + 0.36ef 2.52 +2.52def 0.37 £ 0.021bcd 0.08 +0.002e
cain 40.5+1.57e  3.67+0.25ef  1.48 £0.25cde 5.93 +0.27ef 2.25+2.25cde  0.38 £0.013bcde 0.13 +0.003i
C312 48.8 +0.81g 5.28+0.17h 2.16 £0.13fg 6.83+0.23g 2.83+2.79 0.41 + 0.059cdef 0.19 +0.004
C3I13 54.4+1.16h 3.48+0.33def 1.51+0.15cde 5.53+0.42¢ 2.54 + 2.54fg 0.35 + 0.066bcd 0.15 + 0.001;j
c410 40.0+1.20e  3.38+0.35de 1.41 £0.51cd 4.79 £0.29d 2.06 = 2.06bcd 0.33 +0.029bc 0.05 +0.002b
c4i 44.1 +1.69f 3.68+0.22ef  1.48 £0.04cde 6.28 + 0.70fg 2.26£2.26cde  0.39 £ 0.052cdef 0.15 + 0.003;j
C412 40.2 £1.25e 3.80 +0.01f 1.53 £0.11cde 5.45+0.23e 2.27+2.27cde  0.41%0.014cdef  0.20 +0.003 m
C413 56.4 +1.01h 5.35+0.05h 2.48+0.21g 8.72 £0.22i 3.61+3.61h 0.47 +0.055ef 0.22 + 0o

Remarks: Significant levels: ns = no significant, * = p < 0.05, ** = p <0.01. Means followed by same letter (s) are not significantly

different at 5% level by DMRT.

Based on the DMRT result, the highest chlorophyll content
was indicated by the treatment of C112 (0.51 mg g?), followed
by C1I1 (0.48 mg g}), C312 (0.41 mg g?), C1I3 (0.41 mg g?),
and C1I3 (0.41 mg g?) (Table 5), whereas the chlorophyll
content on other acid mineral soil media was at the slightly
low level at the range of 0.29—0.38 mg/g (Table 5). On zeolite
(CO) and Inceptisols (C4) media, AM cultures I3 (C0I3 and
C413) showed the highest effectiveness on all plant growth
variables compared to 11 and 12.

4, DISCUSSION

AM inoculation significantly increased the pH (H20) on all
media, except for zeolite media, wherein a decrease was
observed. Although the effect of AM inoculation on pH (H,0)
showed a different direction on zeolite (CO) compared with
the other media (C1, C2, C3, and C4), they exhibited the same
effect in increasing the available P. Arraudah et al. (2020)
reported the same trend on acid mineral soil; the application
of AM independently or in interaction with humic acid
increased the pH of Ultisols, wherein the maximum increase
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in pH value from pH 4.4 to 6.1 was obtained by the interaction
of AM inoculant with a dose of 5 g plant™ and humic acid with
a concentration of 45 mL L™, The decrease in pH on zeolite
media due to AM inoculation in the present study was
supported by El Maaloum et al. (2020), who reported that the
additional AM in combination with phospho-compost and
phosphate-solubilizing bacteria on alkaline soils with pH 8.0
resulted in considerable effects in decreasing soil pH to 7.5
after 60 days compared with the treatment without AM
which exhibited no change in pH value. An interesting
phenomenon was found in the present study: AM inoculation
increased pH on acid mineral soil-based media and decreased
pH on zeolite media, which might statistically indicate that no
significant correlation (p > 0.05) existed between pH H,0 and
available P in the media. Based on the present findings, AM is
crucial in supporting buffering in soil pH that might be
mediated by the indirect effect through the organic exudates
released from the host roots. This mechanism was supported
by the data of organic C and total N obtained in the present
study, which significantly increased due to AM inoculation.
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The two variables had positive and significant correlation with
soil available P (r = 0.838; p < 0.01 and r = 0.579; p < 0.01,
respectively). The different levels of the effects in increasing
organic C, total N, and available P given by each AM inoculum
source (11, 12, and I13) on all media that were identified in the
present study were supported by Ma et al. (2022), who
reported that different mycorrhizal have various effects on
the accumulation and distribution of nutrients at different
sites in plant tissues and different contents of organic acids in
root exudates. The increase in available P on acid mineral soils
could be explained by the potential Al exposure reduction by
AM fungi (Aguilera et al.,, 2017; Kumar et al.,, 2014) and
nutrient mobilization improvement through intensive
expansion of the AM hyphae (Mehta et al., 2019). The
inoculum 12 (a mixture of inoculum from Alfisols, Oxisols, and
Ultisols) was the most effective AM on acid mineral soil-based
media due to the highest increase in soil available P,
especially on media C1 (Alfisols media).

The total SD at 100 DAP was higher than that at 70 DAP,
proving that water stress treatment stimulated the
reproduction of mycorrhizal spores. This study revealed that
the inoculum 12 (a mixture of inoculum from Alfisols, Oxisols,
and Ultisols) exhibited superiority in increasing SD compared
with 13 (a mixture of inoculum from Alfisols, Oxisols, Ultisols,
Inceptisols, Andisols, Histosols, Entisols, and Vertisols) and 11
(a single inoculum from Alfisols). This finding indicated that
the inoculum containing a mixture of AM propagules
originating from the same typical acid mineral soils with
similar characteristics resulted in higher spore production
compared with that containing a mixture of AM propagules
from various soil types or a single soil type. Based on the study
on cucumber seedlings, Chen et al. (2017) reported that the
inoculation of inoculum containing various AM genera
(Claroideoglomus sp., Funneliformis sp., Diversispora sp.,
Glomus sp., and RhizophagusHas sp.) highly increased
mycorrhizal colonization compared with that of inoculum
containing several species from the same genus (Glomus
intraradices, G. microageregatum BEG, and G. claroideum
BEG 210) and a single inoculum (Funneliformis mosseae).

Compared with acid mineral soil-based media, the highest
SD on zeolite and Inceptisol media were obtained from
different mycorrhizal sources. The highest SD on zeolite was
indicated by 11 (COI1), whereas that on Inceptisol was
indicated by 12 (C412). The present study revealed that
propagation of mycorrhizal propagules from the same
sources using zeolite as media in pot culture vyielded
significantly different effects on spore reproduction
compared with acid mineral soil-based media. The SD is the
main indicator to determine the quality of the mycorrhizal
biofertilizer product. Zeolite is known as common media in
commercial products of mycorrhizal biofertilizers in the
agricultural market. The results of this study estimated that
the high SD in the mycorrhizal biofertilizer product using
zeolite or other media as carriers does not always result in
high infectivity, spore reproduction, and effectiveness of
plant growth in the application to the targeted soil. On the
contrary, a low SD of the mycorrhizal biofertilizer product
may be highly effective for plant growth.
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Based on the measurements of all variables of AM
parameters, the inoculum 12 showed superiority in increasing
MI, SD, EE-GRSP, and T-GRSP on acid mineral soil-based
media (C1, C2, and C3) compared with inoculum 13 and I1.
Inoculum 12, which contained a mixture of isolates from
several types of acid mineral soils (typical soils), was
considered to be more adaptable and had multifunctional
capabilities to handle the limitations of acid mineral soils
compared with isolates I3 and I1.

The present study also showed a strong correlation
between Ml and other mycorrhizal parameters (SD, EE-GRSP,
and T-GRSP), in which the increase in Ml level was followed
by the increase in SD and GRSP in the rhizosphere soil. The
results of EE-GRSP and T-GRSP on acid mineral-based media
(C1, C2, and C3) and Inceptisol media (C4) showed a similar
pattern to Ml and SD, in which the inoculum treatments of 12
and 13 showed higher EE-GRSP and T-GRSP than I1. The EE-
GRSP and T-GRSP showed a significantly positive correlation
with Ml (r=0.722; p<0.01and r=0.716; p < 0.01) and SD 100
DAP (r=0.756; p<0.01and r=0.776; p <0.01). The functional
contributions of mycorrhizal in increasing nutrients status in
media were also reflected from the EE-GRSP and T-GRSP
contents, which showed positive correlations with the soail
organic C (r = 0.0686; p < 0.01 and r = 0.751; p < 0.01), with
total N (r = 0.415; p < 0.01 and r = 0.526; p < 0.01) and
available P (r=0.836; p<0.01 and r =0.875; p < 0.01). Several
studies have also shown a positive correlation between SD,
Ml, and GRSP (Ji et al., 2019; Reyes et al., 2019). Mycorrhizal
colonization stimulates the production of GRSP through the
formation of hyphae (Peng et al., 2013) because most GRSP
(>80%) is produced by mycorrhizal hyphae (Driver et al.,
2005); therefore, if mycorrhizal activity decreases, then the
production of GRSP will also decline (Steinberg & Rillig, 2003).

The T-GRSP was significantly higher than the EE-GRSP
under all treatment combinations (Table 4). This finding could
be explained by the extended duration in autoclaving of 90
min, which results in a significant recovery of the extracted T-
GRSP compared with the 30 min duration in autoclaving to
extract EE-GRSP. The present findings are supported by
Syamsiyah et al. (2014), who reported a significantly higher T-
GRSP compared with EE-GRSP by the same method.

Compared with the results on acid mineral soil-based
media, a different finding was found in zeolite media (CO)
where inoculum I1 resulted in higher EE-GRSP and T-GRSP
compared with inoculum 12 and 13. On zeolite media with no
inoculation (CO0I0), although no indication of mycorrhizal
infection was found in maize roots and mycorrhizal spores in
the rhizosphere, EE-GRSP and T-GRSP were still detected at
low levels (0.14%). These EE-GRSP and T-GRSP contents on
C0I0 were significantly lower compared with all treatments
without AM inoculation on acid mineral soil-based media
(C110, €210, and C3I0), which were at the range of 0.26%—
0.35% and 0.39%—-0.50%, respectively. The existence of
indigenous AM fungi in each media (C1, C2, and C3) based on
the MI and SD contributed to determining the content of
GRSP. No indigenous AM was found on zeolite media as
indicated by the absence of mycorrhizal infection and spores
in the treatment of COI0. Thus, these findings, wherein EE-
GRSP and T-GRSP were detected despite the absence of AM
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infection and spores on the treatment CO0IO, showed that
GRSP was produced by nonmycorrhizal plants, even though
at a significantly lower level (0.14%) compared with
mycorrhizal plants. These results are consistent with the
study of He et al. (2020), who also found GRSP with the
absence of AM colonization and hyphae in the treatment
without mycorrhizal inoculation on Trifoliate orange plants
on Xanthi-Udic Ferralsols in the chambers. Moreover, He et
al. (2020) reported that the treatment of three types of
mycorrhizal (Rhizoglomus intraradices, Diversispora epigaea,
and Paraglomus occultum) in a chamber with root + hyphae
source of inoculants showed a 30%—42% higher T-GRSP
compared with those without mycorrhizal, whereas that in a
chamber with hyphae as the inoculant source showed a 34%—
49% higher T-GRSP than without mycorrhizal. Compared with
the results of He et al. (2020), the present study showed that
mycorrhizal inoculation treatment COI1 on zeolite media
yielded 129% and 300% higher EE-GRSP and T-GRSP
compared with the treatment COIO without mycorrhizal
infection at all. By contrast, the treatment of C1I12 on acid
mineral soil-based media yielded 175% and 108% higher EE-
GRSP and T-GRSP compared with the treatment without
inoculation (C110).

GRSPs are glycoproteins abundantly produced by AM
fungi in roots and soil, and the factors that influence their
formation are as follows: the addition of organic matter
(Bertagnoli et al., 2020), soil physical conditions (Xiao et al.,
2019), soil management processes (Singh et al., 2013), fire,
and tillage (Sharifi et al., 2018). The present findings
confirmed that the EE-GRSP and T-GRSP contents can be
valuable indicators for the existence, the abundance and the
functional activity of mycorrhizal in their plant symbionts,
especially in supporting the mechanisms of P availability in
soil and P concentration in plant tissues.

Among all the treatments on acid mineral soil-based
media, the treatments of C1l1, C112, C211, and C3I12 yielded
the highest level of plant fresh and dry weights and root fresh
and dry weights. Notably, all treatments of pot cultures for
AM inoculum production in the present study had a higher
root biomass proportion (>60%) compared with shoot
biomass in the total maize biomass. The dominance of root
biomass compared to shoot biomass in AM pot culture is a
crucial factor to determine the quality of AM biofertilizer
products because roots containing mycorrhizal structures can
be used as the source of mycorrhizal propagules. Some
studies reported that the effect of each AM species varied on
the shoot and root growth. Zhang et al. (2019) showed that
the highest shoot biomass of seedling growth of Toona
sinensis was produced by the inoculation treatment of
Funneliformis mosseae (4.6 g) while the highest root biomass
was produced by that of Rhizophagus intraradices (2.7 g).
Different results were found in the study of Ortas et al. (2011),
wherein Glomus etunicatum inoculation treatment produced
the highest shoot dry and root dry weights, namely 19.3 and
4.1 g, respectively, compared with other treatments.

On all media compositions, mycorrhizal inoculation
treatments of 11, 12, and I3 resulted in higher chlorophyll
content and P concentration in shoot tissues compared with
the treatments without mycorrhizal inoculation (I0). This
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result is consistent with the report of Andrade et al. (2018)
that the mycorrhizal inoculation increased P concentration
and P uptake of soybean on Oxisols. Gheisari Zardak et al.
(2017) found that the application of AM increased the
accumulation of P in plant tissues and simultaneously
stimulated plant growth. Increasing chlorophyll content due
to AM inoculation was supported by Zare-Maivan et al.
(2017). Notably, all treatments that indicated the highest
plant fresh and dry weights did not always exhibit the highest
content of chlorophyll and P concentration. Functional
contributions to other plant nutrition by mycorrhizal resulted
in the high plant growth, and these potential contributions
were not covered in the plant growth variables in this study;
for example, the influences of AM in increasing the uptake of
other nutrients, such as N (Zhu et al., 2016), Ca and Zn
(Salgado et al., 2016), and Mg (Zare-Maivan et al., 2017), as
well as Mn, Cu, and Zn (Lombardo et al., 2021), and some
other benefits of AM.

The mechanism of mycorrhiza to support plant growth
was determined from mycorrhizal parameters. Among the
treatments on acid mineral soil-based media, the highest Ml,
SD, EE-GRSP, and T-GRSP were obtained by C112 and C312. The
mycorrhizal contributions were revealed by the positive
significant correlations between all plant growth and
mycorrhizal parameters: for example, the main variables of
plant dry weight and P concentration that significantly
correlated with Ml (r =0.303; 0.01 < p <0.05 and r = 0.732; p
<0.1), with SD (r=0.629; p<0.01 and r =0.803; p < 0.01) and
T-GRSP (r=0.533; p<0.01andr=0.732; p< 0.01). In addition,
all variables of the plant growth parameters were significantly
correlated with the soil chemical variables of organic C, total
N, and available P. As the main variables of plant growth, the
plant dry weight and P concentration showed significant
positive correlation with organic C (r = 0.574; p < 0.01 and
0.826; p < 0.01), total N (r =0.632; p< 0.01 and r =0.680; p <
0.01), and available P (r = 0.539; p < 0.01 and r = 0.784; p <
0.01). All the correlations among the mycorrhizal parameter—
soil/media parameter—plant growth parameter showed the
support mechanisms of mycorrhizal on plant growth in the
soil/media. The effect of mycorrhizal on plant growth in the
present study was considered to be an effective indicator of
the inoculum to play as a micro-symbiont to the growth of the
plant symbiont in the pot culture.

On the zeolite (C0) and Inceptisols (C4) media, the mixture
inoculum from eight soil types (13) indicated the highest
effectiveness on plant growth as presented by all plant
growth variables on COI3 and C413. These results were
different from those of mycorrhizal variables because the
highest level of all mycorrhizal variables on zeolite media was
indicated by COI1 followed by CO0I3, whereas that on
Inceptisols media was indicated by C4l2 followed by C4l3.
Thus, the effectiveness of each inoculum (11, 12, and 13)
toward plant growth on zeolite and Inceptisol was different
from the results obtained on acid mineral soil-based media.
The present findings confirmed that a series of assessments is
required to find AM cultures with superior specific functional
capability, starting with the exploration of the potential AM
propagules and assessments of the compatibility of AM
propagules with the formulation of pot culture media as a
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carrier. Evaluating the effectiveness of the AM cultures on the
target utilization considering host compatibility and soil-
media character is necessary for further study, and a variety
of agricultural cultivation management methods is also
tested.

5. CONCLUSION

The type and composition of pot culture media are the
main factors in the propagation of mycorrhizal inoculum.
Based on the mycorrhizal parameter, inoculum 12 on the acid
mineral soil-based media C1 and C3, inoculum |1 on zeolite
media (C0), and inoculum I2 on Inceptisol media (C4) showed
the highest values of Ml, SD, EE-GRSP, and T-GRSP. Inocula 11
and 12 on media C1, C2, and C3, inoculum 13 on media CO, and
inoculum 13 on media C4 exhibited the highest performance
based on the plant growth parameter. Among all the
treatments, C1I1 and C1I2 were found to be the superior AM
cultures with M1 56% and 91%, SD 518 and 697 spores/100 g
of media, EE-GRSP 0.46% and 0.77%, and T-GRSP 0.65% and
0.81% and yielded high effectiveness for maize growth with
PFW 6.83 and 6.8 g plant™, PDW 3.76 and 3.31 g plant?, and
P concentration 0.21% and 0.2%. Further study is necessary
to reveal the effectiveness of AM inocula on the target
conditions.
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