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Maximizing growth of Acacia confusa through native plant growth-
promoting bacterial inoculation and seed pelleting for revegetation in
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Introduction

Taiwan’s steep mountain slopes and
heavy summer typhoon rains make them
susceptible to landslides (Chiu et al. 2016).
These landslides occur across vast terrains
and vary greatly in scale, often damaging
natural landscapes and posing serious risks
to residents in mountainous regions. Re-
vegetation with native woody plants is one
approach to landslide rehabilitation (Wal-

Revegetation in landslide-affected areas is challenging due to the extensive
terrain and poor soil quality. Applying bacteria with plant growth-promoting
(PGP) traits offers a promising approach to support plant growth in these dis-
turbed regions. This study aimed to investigate seed enhancement methods by
selecting bacterial strains and developing seed pellet mixtures to facilitate
revegetation processes. Specifically, we focused on enhancing the germination
rate and growth of Acacia confusa through seed pretreatment and inoculation
with native bacteria in the growing substrate for pot cultivation and seed pel-
lets. Fifty-four native bacterial strains were isolated from the rhizosphere and
endo-rhizosphere of A. confusa growing in the Dadu plateau, Taiwan. Isolates
were tested for their ability to stimulate or inhibit the growth of A. confusa
seeds on Petri dishes. Sixteen isolates with germination parameters signifi-
cantly differing from the control were selected for pot tests. 16S rDNA gene
sequencing showed that most strains belonged to the genus Bacillus and exhib-
ited one or more PGP traits. Seedling growth parameters were significantly im-
proved by inoculating the substrate with isolates A2TP3 (Bacillus proteolyti-
cus) and A2SP5 (Lysinibacillus sphaericus), which exhibited strong abilities to
enhance shoot growth and were therefore selected for evaluation in seed pel-
let production. Seed germination after inoculation in seed pellets varied with
the mixture used. This study demonstrated that bacterial inoculation is a pro-
mising bio-inoculant for A. confusa on specific substrates; however, further ex-
periments on seed pelleting mixtures are still needed.

Keywords: Acacia confusa, Bacterial Inoculation, Plant Growth-Promoting
(PGP) Bacteria, Revegetation, Seed Pellets

ker et al. 2009). However, seed germina-
tion and the initial establishment of seed-
lings in landslide areas are often slow and
unreliable due to poor soil quality (Pang et
al. 2018) and seed dormancy (Ghassali et al.
2012).

Acacia confusa Merr. (Fabaceae), com-
monly known as Taiwan acacia, is a legumi-
nous species used for reforestation of
highly eroded soils and landslide-prone ar-
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eas across the island (Wang & Chien 2016,
Lee et al. 2017). This fast-growing, woody
perennial tree is native to Taiwan (Lee et al.
2021). It is widely distributed across diverse
habitats, including infertile soils, rocky
plains, hills, hard clay, and silt (Au 2000).
However, Acacia seeds have hard seed
coats that delay germination (Ghassali et
al. 2012), and it is essential to support the
growth and survival of seedlings after ger-
mination.

Many studies applied various methods to
enhance seed germination (Halmer 2006).
These technologies include seed pretreat-
ment (Khasa 1993, Ghassali et al. 2012),
seed inoculation with bacterial strains
(Galiana et al. 1998, Lee et al. 2017), and
seed pelleting (Brockwell 1962, Mandal et
al. 2015).

Seed pretreatment is a widely used tech-
nique for breaking seed dormancy (Turner
et al. 2013). According to Nxumalo et al.
(unpublished), treating A. confusa seeds
with concentrated H,SO, or soaking them
in water at 100 °C improved germination
rates to 92% and 78%, respectively. How-
ever, handling concentrated H,SO, in large
quantities can be challenging. In contrast,
hot-water treatment is a simpler and more
economical method for breaking the dor-
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mancy of A. confusa seeds (Nxumalo et al.,
unpublished).

Bacterial inoculation is a strategy to en-
hance seed germination and promote plant
growth. Bacteria support plant develop-
ment by fixing nitrogen, solubilizing phos-
phate, and producing compounds such as
Indole-3-Acetic Acid (IAA), hydrogen cyan-
ide (HCN), and siderophores. Nitrogen-fix-
ing bacteria, in particular, stimulate nodule
formation, thereby increasing nitrogen up-
take in plants (Glick et al. 1999, Oldroyd et
al. 2011). Therefore, bacterial inoculation is
a promising approach for improving soil
fertility in degraded areas. However, stud-
ies involving symbionts specific to A. con-
fusa remain scarce.

Seed pellets, or seed balls, are nearly
spherical structures containing various ma-
terials that modify the seed’s size, mass,
and shape. This technique facilitates the
handling of tiny, irregularly shaped seeds
(Abusuwar & Eldin 2013). They provide nu-
merous benefits, such as protecting seeds
from predators, including rodents and
birds, by enclosing them within pellets. Ad-
ditionally, seed pellets are convenient for
delivering biological treatments, including
bacterial inoculants (Brockwell 1962).

Many studies have examined the effects
of pretreatments (Ghassali et al. 2012) or
bacterial inoculation (Martin-Laurent et al.
1999, Lee et al. 2017, Castro et al. 2018, Le-
brazi et al. 2020) on the germination and
growth of Acacia species. However, no
study has examined the potential of com-
bining native bacterial inoculation with
seed pelleting methods for Acacia species
used in revegetation. This study aims to
screen native plant growth-promoting
(PGP) bacterial strains for A. confusa and to
explore the effectiveness of seed pelleting
in enhancing its germination. We isolated
and evaluated native bacterial strains to
improve A. confusa seed germination and
growth in both growing substrate for pot
cultivation and pelleted seeds. Bacterial
strains isolated from the soil and root nod-
ules of adult trees that promoted growth
in pots were then used to seed pellets. Ger-
mination rates of inoculated and uninocu-
lated seeds were compared in different
pellet mixtures.

Materials and methods

Native bacterial isolation

Soil and root nodules were collected
from A. confusa plantation stands at three
sites on the Dadu Plateau, Taiwan (Site At:
24° 08’ 34.9" N, 120° 34’ 53.1" E; Site A2: 24°
09’ 11.4" N, 120° 34’ 11.0” E; and Site A3: 24°
09'19.4" N, 120° 35’ 50.7" E), on 19 February
2020. Soil samples near the roots of ma-
ture A. confusa were collected randomly at
each site from two depths: 0-15 cm and 15-
30 cm. Soil properties for each site are
listed in Tab. S1 (Supplementary materials).

For rhizobacterial isolation, approximate-
ly 10 g of each soil sample was added to a
conical flask containing 8 mL of sterile wa-
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ter. The flasks were shaken for 30 minutes
on an orbital shaker at 27 °C. Then, 2 mL of
0.1 M phosphate buffer (pH 7.0) was trans-
ferred into five tubes using sterile 10 mL
pipettes under aseptic conditions. The soil
solution from each sample was diluted to
10 in sterile water. Using the spread plate
method, a 100 pL aliquot of each diluted
culture was spread over the surface of the
nutrient agar medium. Single bacterial col-
onies were labeled based on location (A1,
A2, A3), soil depth (T for topsoil and S for
subsoil), and plate number (P1, P2, etc.).

To isolate root nodule bacteria, roots
were cleaned and sterilized with ethanol
and sodium hypochlorite (Lee et al. 2017),
then cut into small pieces (3.5 cm). After
serial dilution, the 10+ and 10°¢ dilutions
from the root nodules were streaked onto
yeast extract mannitol agar (YEMA) and
nutrient agar (NA) plates. Following five
days of incubation at 28 °C, single colonies
were characterized morphologically. Iso-
lates were labeled according to location
(A1, A2, A3), medium used for isolation
(NA/YEMA), and plate number (P1, P2,
etc.).

Fifty-four isolates, comprising thirty-five
rhizobacterial strains and nineteen endo-
phytes, were isolated from the A. confusa
plantation. These isolates were then as-
sessed for their growth-promoting abilities
in A. confusa; only 16 isolates showed sig-
nificant effects on growth parameters in
Petri dish assays and were subsequently
used in further experiments.

Native bacterial identification

The bacterial isolates were identified us-
ing 16S rRNA gene sequencing. Total DNA
was extracted using the Ultraclean® Micro-
bial DNA Isolation Kit (MoBio Laboratories,
Carlsbad, CA, USA). Genomic DNA was am-
plified by polymerase chain reaction (PCR)
using the universal primer pair 27F (5-
AGAGTTTGATCMTGGCTCAG-3') and 1492R
(5"-TACGGYTACCTTGTTACGACTT-3') to am-
plify a ~1500 bps region. PCR was per-
formed on a Thermal Cycler 2720™ (Ap-
plied Biosystems, Foster City, CA, USA)
with the following cycling conditions: an
initial denaturation at 94 °C for 2 minutes,
followed by 35 cycles of 94 °C for 1 minute,
52 °C for 1.5 minutes, and a final extension
at 72 °C for 3 minutes (Da Silva et al. 2013).
DNA fragments were identified using elec-
trophoresis at 60 V for 24 minutes, exam-
ined under UV light, and photographed
with the Molecular Imaging System (Gel
Logic GL 212 Pro®, Carestream Health, Inc.,
New Haven, CT, USA) to determine frag-
ment sizes.

Gene sequences were analyzed using
Clustal W multiple sequence alignment in
BioEdit software (Thompson et al. 1994)
and compared with highly similar rRNA se-
quences on the National Center for
Biotechnology Information NCBI EzTaxon
server (https://www.ezbiocloud.net/). Phy-
logenetic analyses were conducted in
MEGA X (Kumar et al. 2018), with branch

confidence assessed using 1,000 bootstrap
replicates with the neighbor-joining meth-
od (Tamura et al. 2004).

Plant growth promotion (PGP) traits

Phosphate-solubilizing ability

Bacterial colonies were screened for
phosphate-solubilizing ability on Pikovska-
ya (PKV) agar medium supplemented with
insoluble tricalcium phosphate. Bacterial
strains were inoculated at the center of
medium plates (divided into four sections
for replication) using sterile tips and incu-
bated at 30 °C for three days. Colonies ex-
hibiting visible, transparent halos around
bacterial growth were considered phos-
phate solubilizers (Pikovskaya 1948).

Indole-3-acetic acid (IAA) production

Approximately 0.5 mL of each bacterial
strain solution was inoculated into test
tubes containing 5 mL of nutrient broth
(NB, HiMedia Lab Ltd., Maharashtra, India)
or yeast extract mannitol (YEM) medium
and 0.5 mL of 5 g L' L-tryptophan (pre-
pared from a filter-sterilized 5 g L stock).
The test tubes were then incubated at 28
°C for 42 hours on a rotating shaker at 180
rpm. Cell density was measured at 600 nm.
Cells were separated from the medium by
centrifugation at 5500 g for 10 minutes,
and 1 mL of the supernatant was trans-
ferred into new test tubes containing 4 mL
of Van Urk-Salkowski color reagent (pre-
pared with 150 mL of concentrated H,SO,,
250 mL of distilled H,0, and 7.5 mL of 0.5 M
FeCl;-6H,0). IAA levels were measured at
530 nm absorbance using a spectropho-
tometer after incubation in the dark at
room temperature for 30 minutes. A pink
coloration of the supernatant indicated IAA
production (Patten & Glick 2002, Gholamal-
izadeh et al. 2017).

Nitrogen-fixing ability

Nitrogen-fixing ability was evaluated for
each bacterial strain using the acetylene re-
duction assay (Postgate 1972). This method
detects nitrogenase activity by measuring
ethylene (C,H,) production, which indicates
the bacterium’s potential to fix nitrogen.
Ethylene production was measured in tripli-
cate for each isolate, with an uninoculated
control, using a gas chromatograph equip-
ped with a flame ionization detector
(Model 163, HITACHI, Chiyoda City, Japan).
The carrier gas (nitrogen) flow rate was set
to 35 mL h?, with the flame ionization de-
tector temperature at 110 °C and the Pora-
pak N column (1 m x 2 mm) maintained at
80°C.

Hydrogen cyanide (HCN) production

HCN production was assessed by inocu-
lating flasks with 100 mL of nutrient broth
or YEM medium supplemented with 4.4 g
L" glycine. A sterile Whatman filter paper
strip dipped in a picric acid solution (0.5%
picric acid in 2% sodium carbonate) was at-
tached to the neck of each flask. The flasks
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were then sealed with Parafilm® and incu-
bated on a rotary shaker at 140 rpm for
four days. A color change in the filter paper
strip from yellow to light brown, brown, or
brick red was recorded as a positive (+) re-
sult, while no color change indicated a neg-
ative (-) reaction (Abd El-Rahman & Sha-
heen 2016).

Siderophore production

The ability of the bacterial isolates to pro-
duce siderophore (iron-chelating com-
pounds) was tested using Chrome Azurol S
(CAS) medium (Castro et al. 2018) prepared
by mixing CAS blue dye (Uchgaonkar et al.
2018) with PIPES (Piperazine-1.4-bis[2-eth-
anesulfonic acid]) agar. Bacterial isolates
were first cultured on NA or YEMA plates
and then spot-inoculated onto CAS plates.
The appearance of an orange, yellow, or vi-
olet halo around the bacterial colonies indi-
cated positive siderophore production.

Preliminary Petri dish experiment

Seeds were sterilized by soaking in 75%
ethanol for 2 minutes, then rinsed five
times with sterile water. These seeds were
then divided into two groups: (i) a pre-
treated group exposed to hot water (100
°C for 20 minutes) and (ii) a non-pretreated
group. For each bacterial strain, three
plates contained pretreated seeds and
three plates contained non-pretreated
seeds. A total of sixteen bacterial cultures
were incubated at 28 °C for 5 days. For in-
oculation, 2 mL of each cell suspension, ad-
justed to an optical density (A600) of 0.1
using a Genesys™ 30 spectrophotometer
(Thermo Fisher, Waltham, MA, USA), was
added to Petri dishes containing 10 seeds
each. The control group received 2 mL of
sterile water, replacing the bacterial inocu-
lum.

Shoot length was measured from the col-

lar region to the tip of the bud, while root
length was measured from the base of the
shoot to the tip of the longest root. Germi-
nation was defined as the emergence of
the radical tip and was recorded for up to
10 days (Sun et al. 2021). Germination per-
centage and vigor index were calculated
according to the methods of Sun et al.
(2021-eqgn. 1):
GP=(N,,,/N,,)-100 O
where GP is the germination percentage,
Ngo is the number of seeds that germi-
nated in 10 days, and N is the total num-
ber of seeds on the plate.

To achieve a normal distribution, germi-
nation percentage data (GP) were trans-
formed using the angular transformation
method (Costa et al. 2018), which stabilizes
the variance of proportion data, as follows
(eqgn.2):

GP | 180 @)
100) 7

The output was converted from radians
to degrees for ease of interpretation (Mos-

tGP= ( arcsin
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teller & Youtz 1961).
The vigour index was calculated following
Sun et al. (2021 - eqn. 3):

VI=S,-tGP (3)

where VI is the vigor index, S_ is the total
seedling length, and tGP is the transformed
germination percentage (see eqn. 2).

Pot culture experiment

For the pot experiment, ten inoculated A.
confusa seeds per bacterial isolate were
prepared in Petri dishes and grown until
the seedlings reached a shoot length of 5
cm. These seedlings were transplanted
into 1 L pots containing 0.5 kg of sterile
peat, which had been autoclaved for 1 hour
and 20 minutes over two consecutive days.
The chemical properties of the peat were
as follows: pH 6.0, EC 700 uS cm®, organic
matter (OM) 20%, potassium (K) 27.17 mg
kg, calcium (Ca) 398.65 mg kg, sodium
(Na) 16.78 mg kg", magnesium (Mg) 46.37
mg kg". Peat was used instead of landslide
soil to evaluate the potential of these na-
tive strains in a commercial growing sub-
strate.

A completely randomized pot experiment
was conducted to evaluate the selected
bacterial isolates for their ability to pro-
mote the growth of A. confusa. Each isolate
had 10 replicates: 5 pots with seedlings
grown from pretreated seeds and 5 pots
with seedlings grown from non-pretreated
seeds. Immediately after transplanting, a 5
mL suspension of each isolate (Aso = 0.1)
was applied to five holes in the media
around each seedling. The inoculation was
repeated two weeks later to promote colo-
nization. Uninoculated seeds served as
controls. The experiment was conducted in
an open area (rooftop) at the International
Agriculture Building, National Chung Hsing
University, lasting 24 weeks (October 15,
2020 to June 2, 2021). Pots were irrigated
regularly and uniformly throughout the ex-
periment. After eight weeks, the inocu-
lated bacteria were re-isolated and exam-
ined to confirm their continued presence in
the plant pots.

Growth parameters, including shoot
length, were measured every four weeks.
Plant survival and root length were mea-
sured at the end of the experiment, 24
weeks after planting. Root volume was de-
termined using the water-displacement
method (Pang et al. 2011).

Chlorophyll content

Chlorophyll measurements were taken on
the leaves (phyllodes) at 4-week intervals
until the 24-th week, using a chlorophyll
meter (SPAD-502, Minolta, Japan) to assess
chlorophyll content in situ.

Seed pellet experiment

The seed pellet substrates tested in this
study included clay, sawdust, and biochar.
The clay soil was collected from a landslide
area in Taichung. Sawdust, purchased from

the Jinfeng Wood Products company, con-
sisted of a mixture of coniferous species,
including Western Red Cedar, Yellow Ced-
ar, Spruce, and Douglas Fir. Biochar was
produced by pyrolyzing rice husks at ap-
proximately 600 °C and 300 °C.

Bulking materials were autoclaved for 2
hours before use. Organic material was
then mixed with clay in the following ratios
to form four treatments: Treatment (T1),
clay: organic material (mixture of compost
and soil) (1:1); Treatment 2 (T2), clay: or-
ganic material (1:1) with the addition of 1%
biochar (pyrolyzed at c. 600 °C); Treatment
(T3), clay: organic material (1:1) with the ad-
dition of 1% biochar (pyrolyzed at c. 300 °C);
Treatment 4 (T4), clay: organic material
(1:1) with the addition of 10% sawdust. A
16% v/v stock solution of an agglomerating
agent (diluted with water) was obtained
from the Japan Ryukyu Red Soil Prevention
Company to bind the bulking materials.

In the seed pellet experiment, two bacte-
rial strains were selected for their plant
growth-promoting performance to evalu-
ate their efficacy in seed pellets. For each
strain, two 1-liter beakers were prepared:
one containing 50 g of seeds pretreated at
100 °C for 20 minutes and the other con-
taining 50 g of untreated seeds. Then, 2 mL
of bacterial inoculant suspension (Ase =
0.1) was added to the respective beakers.
Seeds were soaked in the bacterial suspen-
sion for 6 hours and then spread on disin-
fected kitchen paper towels to dry.

This mixture of seeds and bulking materi-
als (T1-T4) was then placed in a seed pellet-
ing machine, which produced pellets 5 cm
in diameter. Black PVC seedling trays (490
x 190 x 25 mm, length x width x depth)
were sterilized in 70% sodium hypochlorite
solution and lined with filter paper, with
one pellet placed in each hole. The contain-
ers were incubated at 28 °C for 10 days, and
sterilized distilled water was used to water
the seed pellets once daily.

To determine the chemical properties of
the materials used, solid bulking materials
were mixed with distilled water at a 1:2 w/v
ratio (1 g of solid bulking material per 2 mL
of H,0) and stirred thoroughly with a mag-
netic stirrer. Three replicates of each mate-
rial were tested for pH and electrical con-
ductivity (EC), with pH measured using a
glass electrode pH meter and EC deter-
mined using an electrical conductivity me-
ter. Mean pH values (+ standard deviation,
SD) were as follows: organic material, 6.5 +
0.1; biochar (300 °C), 7.2 + 0.1; biochar (600
°C), 7.8 + 0.5; sawdust, 6.9 + 0.1; clay, 6.3 +
0.6; adhesive, 6.3 + 0.3; Treatment 1, 6.8 *
0.2; Treatment 2, 7.1 £ 0.3; Treatment 3, 7.3
* 0.3; Treatment 4, 6.7 = 0.1. The EC values
(uS cm™) were as follows: organic material,
361 * 5.1; biochar (300 °C), 673 * 1.4; bio-
char (600 °C), 303 * 1.9; sawdust, 56.4  0.1;
clay, 421 + 1.5; adhesive, 396 * 0.8; Treat-
ment 1, 180 = 0.6; Treatment 2, 520 + 0.§;
Treatment 3, 940 * 1.0; Treatment 4, 440 *
1.1. Water-holding capacity was determined
according to Somasegaran & Hoben
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(1985). The physiological analysis con-
ducted at the end of the experiment was
the germination percentage (GP - see eqn.
1), assessed 10 days after the seed pellets
were incubated.

Statistical analysis

Data were analyzed using ANOVA (one-
way and two-way ANOVA). When signifi-
cant between-group effects were found,
Tukey’s Honestly Significant Difference
(HSD) test was used for post-hoc analysis,
with p < 0.05. Before ANOVA, the homo-
geneity of variances was assessed using
Levene’s test (a = 0. 05). If the homogene-
ity assumption was violated, the Kruskal-
Wallis test was used, followed by pairwise
comparisons with Dunn’s test. Seed germi-
nation percentages were arcsine-trans-
formed before analysis. GraphPad Prism
ver. 10.3 (GraphPad Software, San Diego,
CA, USA) and SPSS ver. 25 (IBM Corp., Ar-
monk, NY, USA) were used for statistical
analyses. Phylogenetic analysis was con-
ducted using MEGA 7.

Results

Native bacterial isolation and
identification

A preliminary test identified 16 bacterial
isolates that exhibited significant changes
in various growth parameters relative to
the control (Tab. 1). The 16 isolates were
subsequently selected for further assess-
ment in the pot experiment and subjected
to 16S rRNA gene sequence analysis using
primers 27F and 1492R. Tab. 1 lists the clos-

est species from the NCBI database,
whereas Fig. S1 (Supplementary material)
shows the phylogenetic relationships be-
tween these isolates.

Plant growth promotion (PGP) traits

Nine isolates exhibited phosphate-solubi-
lizing ability, with six rhizospheric and
three endophytic bacteria (Tab. 1). All iso-
lates produced IAA in the presence of tryp-
tophan, ranging from 3.07 to 50.37 mg L7,
with the isolate A2YEMAS8-1 (Bacillus mega-
terium) showing the highest IAA produc-
tion (one-way ANOVA, p = 0.001 — Tab. 1).
Eleven isolates tested positive for nitrogen
fixation (one-way ANOVA, p = 0.003), and
six isolates were positive for hydrogen
cyanide (HCN) production. Approximately
half of the strains did not grow on the
Chrome Azurol medium (Tab. 1), indicating
a lack of siderophore production.

Preliminary Petri dish experiment

Tab. 2 and Tab. 3 present the results of
germination and growth of pretreated and
non-pretreated seeds in Petri dishes, re-
spectively. For 16 isolates, some significant
effects on germination or growth parame-
ters were observed, including 10 rhizo-
spheric strains and 6 endophytes. For ex-
ample, bacterial inoculation significantly
affected the shoot length of seedlings
grown from pretreated (one-way ANOVA,
p = 0.003 - Tab. 2) and non-pretreated
seeds (one-way ANOVA, p = 0.004 - Tab.
3). Strains that showed significant effects
on germination or growth parameters
compared to the control were selected for

the subsequent pot experiment.

Pot culture experiment

In pot experiments, statistical analysis re-
vealed that inoculation with the native bac-
teria significantly influenced certain mor-
phological parameters of A. confusa seed-
lings. Inoculation with endophytic strains
did not significantly affect shoot length
(two-way ANOVA, endophytic isolates, p =
0.086 - Fig. 1a). In contrast, inoculation
with rhizospheric strains resulted in signifi-
cant differences in shoot length (two-way
ANOVA, rhizobacterial isolates, p = 0.001 -
Fig. 1b), with some isolates (A2SP5 and
A2TP3) promoting longer shoots compared
to the control (Fig. 1b, Fig. S2 in Supple-
menraty material). Seed pretreatment did
not significantly affect shoot length in
plants treated with endophytes (two-way
ANOVA, seed pretreatment, p = 0.652 - Fig.
1a). Additionally, there was no significant
interaction between endophytic bacterial
inoculation and seed pretreatment (two-
way ANOVA, bacterial inoculation x seed
pretreatment, p = 0.729 - Fig. 1a). Similarly,
for rhizobacterial isolates, seed pretreat-
ment had no statistical effect on shoot
length (two-way ANOVA, seed pretreat-
ment, p = 0.489 - Fig. 1b), and no signifi-
cant interaction was observed between
bacterial inoculation and seed pretreat-
ment (two-way ANOVA, bacterial inocula-
tion x seed pretreatment, p = 0.286 - Fig.
1b).

Inoculation with endophytic strains did
not significantly affect root length (two-
way ANOVA, endophytic isolates, p = 0.130

Tab. 1-16S rDNA sequence analysis and PGP traits of 16 bacterial isolates selected for the pot experiment with A. confusa seeds. Val-
ues labelled with different letters within a column significantly (p < 0.05) differ after Tukey’s HSD tests. Isolate codes: endophytes
(e, in superscript) were coded based on the location where nodules were collected, the medium used to culture the bacterial
strains, and the plate number; rhizobacteria (r, in superscript) were coded by soil collection location, soil depth (T for topsoil and S
for subsoil), and plate number. (IAA): Indole-3-Acetic Acid; (HCN): Hydrogen Cyanide; (+): the isolate possesses the function; (-): the
isolate lacks the function; (nd): the isolate did not grow in the Chrome Azurol medium. (1): isolates used in the seed pellet experi-

ments.

Isolate Close§t r.elative Similarity PhosPhorqus IAA_1 N fixation . HCN Siderophore
code description (%) solubilization (mglL™") (nmol C;H,4 hr')

ATP2' Lysinibacillus sphaericus 99 - 9.45+0.01° -0.03 £ 0.06 ® +

A1TP3" Bacillus proteolyticus 99 + 4.40 + 0.03 * 0.02+0.32° + nd
A1SP2" Bacillus siamensis 96 - 3.07+0.15* -0.03 £ 0.21° + nd
A2SP1" Lysinabacillus sp. 100 + 23.61+0.20 ¢ -0.01+0.10° - nd
A2SP2" Bacillus siamensis 96 - 6.46 £ 0.08 ® 0.05+0.12° - nd
A2SP5" (1) Lysinibacillus sphaericus 99 - 20.15 £ 0.01 ¢ -0.02 £ 0.02 ° - +
A2SP7" Arthrobacter alkaliphilus 98 + 7.39+0.04*®  -0.02+0.01%

A2TP3' (1) Bacillus proteolyticus 99 + 23.88 +0.12°¢ 0.33+0.04¢ - nd
A2TP5" Brevibacillus formosus 99 + 14.94 + 0.08 ° 0.33+0.03° - +
A3TP1" Lelliottia jeotgali 98 + 15.01 £ 0.16° 0.07 £0.01° - +
A2NA3-1¢ Curtobacterium flaccumfaciens 99 + 6.07 +0.12® 0.33+£0.01°¢ - +
A2NA3-2¢ Bacillus proteolyticus 99 + 13.38 £ 0.09° 0.03 +0.12°> + nd
A2YEMA2-1¢ Bacillus proteolyticus 99 - 6.11+0.22%® 0.03+0.15° - nd
A2YEMAG6-1¢  Bacillus tequilensis 99 - 36.64 +0.03 ¢ 0.05+0.21°

A2YEMAS-1¢ Bacillus megaterium 99 - 50.37 + 0.12 ¢ 0.18+0.07°> + +
A2YEMA8-2¢  Pseudomonas alloputida 96 + 34.28 +0.15 ¢ 0.05+0.09° + nd
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Tab. 2 - Effect of inoculation with native bacterial isolates on the germination and growth of A. confusa pretreated seeds in Petri
dishes. Data are presented as the mean + SD from 5 replicates per treatment. Means in columns labelled with different letters are
significantly (p < 0.05) different after Tukey’s HSD test. (r): rhizobacteria; (e): endophytes; (NT): non-transformed data; (T): trans-
formed data (see eqn. 2). (): isolates used in the seed pellet experiments.

Isolate Shoot Length Root Length  Shoot/root  Shoot Weight ~ Germination percentage (%)  Vigor Index
code (cm) (cm) ratio (g) NT T (cm)
Control 1.04 £ 0.01° 1.26 + 0.02 ® 1.6 0.04 £ 0.08 ® 43.3? 41.1 135.6
A1TP2" 2.68 £0.01°2 2.19 £0.08 * 1.2 0.05+0.22* 90.0°¢ 71.6 348.7
A1TP3" 1.29+£0.03* 0.15+0.12° 8.6 0.09 £ 0.08 * 70.0° 56.8 81.8
A1SP2" 6.69 +0.04° 1.89 £ 0.22° 3.5 0.10 £ 0.08 ® 73.3° 58.9 505.4
A2SP1" 4,78 + 0.01 *® 3.30+£0.05* 1.4 0.07 £ 0.05° 90.0 ¢ 71.6 578.5
A2SP2" 4.67 +0.01 1.44 +0.10° 3.2 0.07 £ 0.09 ® 70.0° 56.8 347
A2SP5" (1) 3.79+0.05° 2.06 £ 0.07 * 1.8 0.07 £ 0.09 * 83.3° 65.9 385.5
A2SP7" 3.78 £+ 0.09 ® 2.11+£0.05° 1.8 0.07 £ 0.06 ® 90.0¢ 71.6 421.7
A2TP3" () 5.67 +0.09 ° 0.31+0.09° 18.2 0.02 £ 0.09 ® 43.3? 411 245.8
A2TP5" 3.50+£0.03* 0.05+0.12° 70 0.06 £+ 0.12° 63.0° 52.5 186.4
A3TP1" 6.33+0.07° 1.28 +0.15° 4.9 0.10+0.13° 80.0° 63.4 482.5
A2NA3-1¢ 9.19 +0.03° 4.40 £ 0.01 2 2.1 0.20+0.10* 100.0 © 90 1223.1
A2NA3-2¢ 11.54 £ 0.01¢ 2.56 + 0.06 ® 4.5 0.11£0.01° 93.3° 75 1057.5
A2YEMA2-1¢ 6.57 +0.01° 1.70 £ 0.03° 3.9 0.10+£0.03° 93.3° 75 620.3
A2YEMA6-1" 6.28 + 0.08 ° 2.88+0.05° 2.2 0.03 £ 0.00* 86.7° 68.6 628.4
A2YEMAS-1¢ 5.74 +0.01° 1.00 £ 0.08 * 5.7 0.08 £ 0.04® 76.6 ° 61.1 411.8
A2YEMAS8-2¢ 5.58 £ 0.04° 1.87 £+ 0.09 ® 3 0.09 + 0.06 ® 80.0° 63.4 472.3

- Fig. 2a). Seed pretreatment also had no
statistical effect (two-way ANOVA, seed
pretreatment, p = 0.720), but there was a
significant interaction between bacterial in-
oculation and seed pretreatment (two-way
ANOVA, bacterial inoculation x seed pre-
treatment, p = 0.039). For rhizospheric bac-

terial inoculation, a statistically significant
effect on root length (two-way ANOVA, rhi-
zobacterial isolates, p = 0.023 - Fig. 2b).
However, seed pretreatment had no sig-
nificant effect (two-way ANOVA, seed pre-
treatment, p = 0.259 — Fig. 2b). In contrast,
no significant interaction was observed be-

tween bacterial inoculation and seed pre-
treatment (two-way ANOVA, bacterial inoc-
ulation x seed pretreatment, p = 0.265
- Fig. 2b).

Chlorophyll content was not significantly
affected by inoculation with endophytic
bacterial strains in pretreated seeds

Tab. 3 - Effect of inoculation with native bacterial isolates on the germination and growth of A. confusa non-pretreated seeds in Petri
dishes. Data are presented as the mean * SD from 5 replicates per treatment. Means in columns labelled with different letters are
significantly (p < 0.05) different after Tukey’s HSD test. (r) rhizobacteria; (e): endophytes; (NT): non-transformed data; (T): trans-
formed data (see eqgn. 2). (1): isolates used in the seed pellet experiments.

Isolate Shoot Length Root Length Shoot/root Shoot Weight Germination percentage (%)  Vigor Index
code (cm) (cm) ratio (g) NT T (cm)
Control 0.71£0.01° 0.81 £0.01°® 0.9 0.02 +£0.02° 16.6 2 24.0 0.88
A1TP2" 1.17 £ 0.02 ® 0.67 £ 0.02 * 1.8 0.02+£0.03° 16.7 * 24.1 36.5
A1TP3" 1.81+£0.01° 0.67 £+ 0.05* 2.7 0.02 £ 0.01° 16.7 * 24.1 44.3
A1SP2" 0.72 £ 0.05* 0.22 £ 0.09 * 3.3 0.23 +0.00° 6.7" 15.0 59.8
A2SP1" 0.54 £ 0.01? 0.23 +£0.07 * 2.4 0.01 £0.01? 10.0° 18.4 14.1
A2SP2" 3.78+0.07 ° 1.33+0.11° 2.8 0.05+0.01° 50.0 ¢ 45.0 14.2
A2SP5" (1) 1.44 +0.02° 0.52 £ 0.00 * 2.8 0.02 +£0.02*° 20.0* 26.6 230.0
A2SP7" 1.30+£0.07 ® 0.37 £0.09 * 3.5 0.02 £ 0.03° 16.7 * 241 52.1
A2TP3" (1) 2.85+0.05° 0.80 £ 0.01 2 3.6 0.02 £+ 0.05* 26.7° 31.1 40.2
A2TP5" 2.74 £ 0.03 2 0.10 £ 0.09 @ 27.4 0.05 +0.06 ® 10.02 18.4 113.5
A3TP1" 1.59 £ 0.09 ® 0.42 £ 0.04* 3.8 0.02 £0.01° 3.3° 10.5 52.3
A2NA3-1¢ 1.38+£0.08 ® 0.35+0.06* 3.9 0.01 £0.00* 16.7 2 24.1 21.1
A2NA3-2¢ 0.65+0.05° 0.22 +0.07 * 3.0 0.01 £0.01° 16.7 * 241 41.7
A2YEMA2-1¢ 0.71 £0.02 2 0.15+0.08 * 4.7 0.01 £0.02 * 10.0° 18.4 21.0
A2YEMA6-1" 1.40 + 0.08 ® 0.65+0.05° 2.2 0.02 +£0.05° 16.7 2 24.1 15.8
A2YEMAS8-1¢ 0.63 +£0.09*° 0.17 £ 0.07 ® 3.7 0.01 £0.08 ® 10.0? 18.4 49.4
A2YEMAS8-2¢ 0.77 £ 0.09 ® 0.38 £ 0.08 ® 2.0 0.01 £0.07® 13.32 21.4 14.7
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Fig. 3 - Effect of endophytic and rhizospheric bacterial inoculation on chlorophyll con-
tent at week 24. Boxplots display the median and interquartile range (IQR) of chloro-
phyll content in 10 seedlings per bacterial isolate. Dunn’s post-hoc pairwise compar-
isons with Bonferroni correction indicated that median values without a common
uppercase letter differ significantly (p < 0.05). (a, b): Endophytic bacterial inoculation.
(¢, d): rhizospheric bacterial inoculation; (a, c): pretreated seeds; (b, d): non-pre-
treated seeds.
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Fig. 1- Effect of endophytic and rhizo-
spheric bacterial inoculation on A. con-
fusa shoot growth in pots at week 24.
Data are presented as means, with bars
denoting the standard error, based on
10 seedlings per isolate. (a) Endophytic
bacterial inoculation; (b) rhizospheric
bacterial inoculation. Across bars,
means without a common uppercase
letter differ significantly (p < 0.05) after
Tukey’s HSD test.

Fig. 2 - Effect of endophytic and rhizo-
spheric bacterial inoculation on A. con-
fusa root growth in pots at week 24.
Data are presented as means, with bars
denoting the standard error, based on
10 seedlings per isolate. (a) Endophytic
bacterial inoculation; (b) rhizospheric
bacterial inoculation. Across bars,
means without a common uppercase
letter differ significantly (p < 0.05) after
Tukey’s HSD test.

(Kruskal-Wallis test: H = 6.302, df = 7, p =
0.390 - Fig. 3a) or non-pretreated seeds
(Kruskal-Wallis test: H = 9.245, df = 7, p =
0.160 — Fig. 3b). However, rhizospheric bac-
terial inoculation had a statistically signifi-
cant effect on chlorophyll content in both
pretreated seeds (Kruskal-Wallis test: H =
45.70, df = 11, p < 0.001 - Fig. 3¢) and non-
pretreated seeds (Kruskal-Wallis test: H =
44.38, df = 11, p < 0.001 - Fig. 3d), particu-
larly with isolate A1SP2 (Bacillus siamensis)
and A3TP1 (Lelliottia jeotgali) in pretreated
seeds, and isolate A1SP2 (Bacillus siamensis)
and A2SPs5 (Lysinibacillus sphaericus) in non-
pretreated seeds.

A two-way ANOVA (p < 0.05) was used to
compare chlorophyll content between
weeks 8 and 24 for each treatment. The
chlorophyll SPAD values declined signifi-
cantly with plant age in some treatments
with endophytic bacterial inoculation (Fig.
S3a, Fig. S3b - Supplementary material)
and rhizospheric bacterial inoculation
(Fig.S4a, Fig.S4b).

The overall survival percentage did not
differ significantly between inoculated and
uninoculated seedlings by the end of the
experiment (two-way ANOVA, endophytic
isolates: p 0.340 - Fig. S5a; two-way
ANOVA, rhizobacterial isolates, p = 0.417 -
Fig.S5b). Control seedlings maintained a
100% average survival rate, while inocu-
lated seedlings had an average survival
rate of 80% (Fig. Ss5a, Fig.S5b). Seed pre-
treatment had no significant effect on sur-
vival percentage (two-way ANOVA, seed
pretreatment, p = 0.088 — Fig. S5a; two-
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way ANOVA, seed pretreatment, p = 0.183
- Fig. S5b), and no significant interaction
was observed between bacterial inocula-
tion and seed pretreatment (two-way
ANOVA, endophytic inoculation x seed pre-
treatment, p = 0.677 - Fig. S5b in Supple-
mentary material; rhizobacterial inocula-
tion x seed pretreatment, p = 0.899).

Seed pellet experiment

Among the tested seed pellet substrate
mixtures, clay exhibited the highest water-
holding capacity at 389%, followed by or-
ganic material at 381%, biochar at 349%
and 312%, and sawdust at 299%. (one-way
ANOVA, water holding capacity, p = 0.03
- Tab. 4). All bulking materials had a near-
neutral pH range of 6.3 to 7.8, ideal for bac-
terial growth, with biochar pyrolyzed at
600 °C showing a significantly higher pH
than other seed pellet components (one-
way ANOVA, pH: p = 0.02, EC: p = 0.001
- Tab. 4).

Two bacterial strains (A2TP3 and A2SPs5)
used for inoculation in the seed pellet ex-
periment were selected for their positive
performance in more than two PGP traits,
with the A2TP3 isolate exhibiting a nitro-

Fig. 4 - Effect of bacterial inoculation on A. confusa
seed germination in seed pellets at day 15. Data
represent means * standard error of 20 pellets per

Native bacteria associated with A. confusa and seed pelleting

Tab. 4 - Chemical properties of the seed pellet components used in this study. Data
represent mean = SD. Means labelled with different letters within a column signifi-
cantly (p < 0.05) differ after Tukey’s HSD test. (1) Biochar obtained at of 300 °C. (2)
Biochar obtained at 600 °C. Treatment (T1), clay:organic material (1:1); Treatment 2
(T2), clay:organic material (1:1) and added 1% biochar (pyrolysis at 600 °C); Treatment
(T3), clay:organic material (1:1) and added 1% biochar (pyrolysis at 300 °C); Treatment

(T4), clay (1:1) and added 10% sawdust.

Component pH EC (1:2 H‘ZO) Water 'holding
(1:2 H,0) (uS cm™) capacity (%o)
Organic material 6.5+0.1° 361 +5.1°¢ 381+0.0*
Biochar’ 7.2+0.1%® 673 +1.4° 312+ 0.1
Biochar? 7.8+0.5° 303+£1.9° 3499 £0.0%*
Sawdust 6.9+0.1%® 56 + 0.1 ¢ 299+0.1°
Clay 6.3+0.6° 421+15° 389+0.0?
Adhesive 6.3+0.3° 396 + 0.8 -
Treatment 1 (T1) 6.8+0.2% 180 + 0.6 ¢ -
Treatment 2 (T2) 7.1+0.3% 520 + 0.8 ° -
Treatment 3 (T3) 7.3+£0.3% 940 +1.0* -
Treatment 4 (T4) 6.7+0.1% 440 £1.1° -

gen-fixing ability (Tab. 1). Additionally, both
isolates significantly promoted seedling
growth (shoot length) in the pot experi-

a Clay:OM + sawdust

B Week 24: Pretreated seeds
B Week 24: Non-pretreated seeds

treatment. Bars not sharing a common uppercase ggf
letter differ significantly after Tukey’s HSD test (p < 29
0.05). (a) Seed germination after bacterial inocula- £ 297
tion; (b) Seed germination in bacterial inoculation E 16-
in seed pellets. (c) Seed germination using pellets & oA A
composed of a biochar (300 °C pyrolysis):organic £ 19 ac AB
matter (OM) substrate; (d) seed germination using = 6 g B =
pellets consisting of a biochar (600 °C . i
pyrolysis):organic matter (OM) substrate. (OM): e e e < s e
organic matter; T 3 3 -
§ § 8 8§ 8 8§
- -
= = = = = =
5 9 9 5 9 9
g 3§ 3 g 8§ 8
© © © © ° ©
T 8 ¥ R
3=t = @D = = 7]
§ ¥ < § 2 g
Treatment
C Clay:OM + biochar (300°C pyrolysis)
B Week 24: Pretreated seeds
mm Week 24: Non-pretreated seeds
A A 4
B
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Control, clay:OM + biochar (300 °C pyrolysis)
A2TP3, clay:OM + biochar (300 °C pyrolysis)
A2SP5, clay:OM + biochar (300 °C pyrolysis)
Control, clay:OM + biochar (300 °C pyrolysis)
A2TP3, clay:OM + biochar (300 °C pyrolysis)
A2SP5, clay:OM + biochar (300 °C pyrolysis)

Treatment

ment in the 24t" week (Fig. 1b). Our analysis
revealed that seed pretreatment had the
most significant impact on plant responses

b ciay:om
B Week 24: Pretreated seeds
B Week 24: Non-pretreated seeds

26 A

|
|
: o
-

Control, clay:OM
Control, clay:OM

A2TP3, clay:OM
A2SP5, clay:OM
A2TP3, clay:OM
A2SP5, clay:OM

Treatment

d Clay:OM + biochar (600°C pyrolysis)
Em Week 24: Pretreated seeds
B Week 24: Non-pretreated seeds

AB

:
B

Control, clay:OM + biochar (600 °C pyrolysis)
A2TP3, clay:OM + biochar (600 °C pyrolysis)
A2SP5, clay:OM + biochar (600 °C pyrolysis)
Control, clay:OM + biochar (600 °C pyrolysis)
A2TP3, clay:OM + biochar (600 °C pyrolysis)
A2SP5, clay:OM + biochar (600 °C pyrolysis)

Treatment
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across all substrates, consistently explain-
ing the highest variation (from 47.49% to
72.39%) and demonstrating a highly signifi-
cant effect (two-way ANOVA, seed pre-
treatment, p < 0.001 - Fig. 4a-d). Bacterial
inoculation with the two strains A2TP3
(Bacillus proteolyticus) and A2SPs5 (Lysini-
bacillussphaericus), had some impacts on
germination in some substrates, such as
clay (clay with sawdust, two-way ANOVA, p
= 0.001 - Fig. 4a; clay with organic matter,
two-way ANOVA, p < 0.01 - Fig. 4b) and
biochar at 600 °C pyrolysis (two-way
ANOVA, p = 0.019 - Fig. 4d), but had no sig-
nificant effect on biochar produced at 300
°C pyrolysis (two-way ANOVA, p = 0.969 -
Fig. 4c). Interestingly, the interaction be-
tween bacterial inoculation and seed pre-
treatment was also significant in clay (clay
with sawdust, two-way ANOVA, p < 0.001
- Fig. 4a; clay with organic matter, two-way
ANOVA, p = 0.001 - Fig. 4b) and biochar at
600°C pyrolysis (two-way ANOVA, p = 0.007
- Fig. 4d), implying that the bacteria’s ef-
fectiveness depended on whether the
seeds were pretreated. However, this in-
teraction was not observed in biochar at
300 °C (two-way ANOVA, p = 0.532 - Fig.
4¢), where bacteria and their combination
with seed pretreatment had no significant
effect.

Discussion

Native bacterial isolation PGP traits

Isolating native strains was essential for
selecting those with plant growth-promot-
ing (PGP) traits. Applying bacteria with PGP
traits in landslide areas holds substantial
promise, as reforestation in these regions
is challenging due to poor soil fertility and
the loss of beneficial plant-associated mi-
croorganisms (Pang et al. 2018). This study
identified several potential strains for pro-
moting the growth of A. confusa.

The 16S rRNA gene sequence analysis re-
vealed that more than half of the isolates
belonged to the well-studied genus Bacil-
lus, including Bacillus proteolyticus, Bacillus
siamentsis, Bacillus megaterium, and Bacillus
tequilensis (Tab. 1). The dominance of Bacil-
lus in A. confusa plantations may be attrib-
uted to its resilience in adverse environ-
mental conditions and its remarkable ca-
pacity for rapid replication (Shafi et al.
2017). However, the use of Bacillus species
in landslide reforestation remains limited.

The other isolates identified in this study
belonged to Brevibacillus sp. and Lysinibac-
illus sp. Pseudomonas sp., Curtobacterium
sp., Arthrobacter sp., and Lelliottia sp.,
whose effects on plant growth have not
been extensively studied. Previous re-
search has indicated that Pseudomonas sp.
also possess plant growth-promoting traits
and exhibit biocontrol effects through in-
duced systemic resistance (ISR - Verhagen
et al. 2010), likely due to their chitinase ac-
tivity (Chen et al. 2015). Additionally, Bacil-
lus megaterium and Lysinibacillus sp. have
been reported to be effective phosphorus

35

solubilizers when inoculated into wheat
and banana, respectively (El-Komy 2005,
Andrade et al. 2014). We also found that
isolate A2SP1 exhibited phosphorus-solubi-
lizing activity (Tab. 1).

Further, the genus Arthrobacter has been
shown to alleviate soil salinity and phos-
phorus deficiency (Henri et al. 2014). Co-in-
oculation with Arthrobacter sp. and Bacillus
sp. has been shown to promote the
growth of maize (Zea mays) and groundnut
(Arachis hypogaea) in saline and phospho-
rus-deficient soils (Jiang et al. 2019, Vanissa
et al. 2020). Similarly, Curtobacterium sp. is
salt-tolerant, alleviating salt stress in paddy
fields by reducing Na* uptake and maintain-
ing K*/Na* balance (Upadhyay et al. 2011,
Nadeem et al. 2013). Further studies could
explore the potential of combining bacte-
ria with complementary functions.

Effect of native bacterial inoculation on
A. confusa germination and growth

In the Petri dish experiment, the re-
sponse of A. confusa seeds to inoculation
varied significantly among isolates (Tab. 2,
Tab. 3). However, none of the isolates in
this study exhibited very high IAA levels
(Tab. 1). Previous research suggests that
excessive IAA can inhibit seedling growth.
For example, Park et al. (2015) demon-
strated that Enterobacter sp. 1-3, a high
IAA-producing strain, suppressed radish
seedling development. Similarly, E. taylorae
was shown to suppress weed growth due
to its high IAA production (Sarwar & Kre-
mer 1995).

In the pot experiment, some isolates sig-
nificantly enhanced growth parameters of
A. confusa seedlings, including shoot
length (Fig. 1) and leaf chlorophyll content
(Fig. 3¢, Fig. 3d). The considerably longer
shoots observed in some inoculated seed-
lings in this study represent a critical
growth trait in degraded landslide areas, as
taller plants can compete for light with sur-
rounding grasses and plants (Ngulube
1989). Similar studies on other Acacia spe-
cies, such as Acacia ariculiformis and Acacia
cyanophylla, have also reported improved
growth performance following rhizobacte-
rial inoculation (Lebrazi et al. 2020). These
effects may be attributed to plant growth-
promoting (PGP) traits, including sidero-
phore production, phosphate solubiliza-
tion, IAA synthesis, and ethylene suppres-
sion in roots (Glick et al. 1999, Jeffries et al.
2003, Bhardwaj et al. 2014).

Our study showed that bacterial inocula-
tion had no significant effect on root
length in the pot experiments (Fig. 2a), ex-
cept for strain A2TP3, Bacillus proteolyticus,
which significantly improved root length in
pretreated seeds (Fig. 2b). This agrees with
other studies showing that inoculation of
A. confusa with bacterial strains such as
Bradyrhizobium alkanii can positively affect
root growth (Lee et al. 2017).

In this study, endophytic bacterial inocu-
lation did not significantly affect chloro-
phyll content compared to the control (Fig.

3a, Fig. 3b). However, rhizospheric bacte-
rial inoculation, such as with A1SP2 (Bacillus
siamensis), resulted in a significant increase
in chlorophyll content (Fig. 3¢, Fig. 3d).
Similarly, previous studies have reported
increased chlorophyll content following
bacterial inoculation in other plant species,
including conifers (Garcia-Lemos et al.
2020). Surprisingly, a two-way ANOVA (p <
0.05) revealed a significant decline in
chlorophyll SPAD values with plant age for
some bacterial isolates (Fig. S3, Fig. S4
- Supplementary material). These findings
contrast with those of Martin-Laurent et al.
(1999), who reported that inoculation of A.
mangium with Bradyrhizobium strains sig-
nificantly increased chlorophyll content.
This decline in SPAD values in the present
study may be attributed to the rising
monthly average temperatures from plant-
ing to harvest. Additionally, the observed
decrease may indicate nitrogen and other
mineral deficiencies, likely due to the small
pots, which limited soil volume and nutri-
ent availability, as no commercial fertilizer
was added to the substrate.

Germination rates varied across seed pel-
let mixtures (Fig. 4), likely due to the physi-
cal and physicochemical properties of the
bulking materials and adhesive used during
pelleting (Kangsopa et al. 2018, Podlaski et
al. 2019). Some studies have also shown
that seed pellets can enhance seed growth
(Guan et al. 2013). Surprisingly, inoculation
with the two strains, A2TP3 (Bacillus prote-
olyticus) and A2SPs5 (Lysinibacillus sphaeri-
cus), significantly inhibited the germination
of A. confusa seeds in the clay:OM sub-
strate (Fig. 4b). This inhibition may be at-
tributed to competition for oxygen and
moisture between the seeds and bacterial
inoculum within the pellets. Similar find-
ings were reported for barley, in which
Azotobacter sp. competed with the seed
embryo for oxygen, thereby preventing
germination (Harper & Lynch 1979). On the
other hand, the strain A2TP3 significantly
improved germination in the other sub-
strates (Fig. 4a, Fig. 4d), except in the
clay:OM + biochar (300 °C pyrolysis) sub-
strate (Fig. 4¢). This suggests its potential
for use in seed pelleting.

Notably, seed pretreatment had a signifi-
cant effect on germination across all sub-
strates (Fig. 4a-d). This can be attributed to
hot water treatment, which promotes ger-
mination in dormant, hard-coated seeds by
leaching chemical inhibitors, softening the
seed coat, and increasing water and oxy-
gen permeability (Mwase & Mvula 2011).

Conclusions

This study identified 16 bacterial strains
that significantly affected seed germination
in Petri dishes and subsequently tested
them in the pot experiment. The pot exper-
iment demonstrated a positive effect of
bacterial inoculation on the phenotypic
traits of A. confusa seedlings, suggesting
that these indigenous bacterial strains
have the potential for use in field trials to
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support the restoration of landslide areas.
However, seeds inoculation with the bacte-
rial isolates A2TP3 (Bacillus proteolyticus)
and A2SPs5 (Lysinibacillus sphaericus) inhib-
ited A. confusa seed germination in the
clay:OM substrate during seed pelleting.
Future studies should investigate the physi-
cal properties of seed pellets, including fri-
ability, dissolution, and hardness, to iden-
tify the optimal mixture for pelleting A.
confusa seeds.
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