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Abstract

Pseuderanthemum palatiferum (Nees) Radlk is an indigenous Vietnamese medicinal plant cultivated extensively in Tay
Ninh province for the production of health-supplement. Building upon a previous discovery of beneficial rhizosphere
bacteria, this study evaluated 27 plant growth-promoting rhizobacteria (PGPR) strains for their organic matter
degradation and antifungal capabilities. Organic matter decomposition was assessed using the agar well diffusion
method. Among the 27 isolates, 13 degraded protein, 16 degraded starch, 20 degraded chitin, and 19 degraded cellulose,
with maximum hydrolysis zone diameters reaching 22 mm, 35 mm, 19 mm, and 18 mm, respectively. Antifungal activity
against two phytopathogens, Colletotrichum sp. and Fusarium sp., was evaluated via parallel streak co-culture assays.
Only two strains, HNR10 and HNR13, exhibited antifungal activity. Strain HNR10 demonstrated superior efficacy,
achieving 7-day inhibition rates of 50.00% against Colletotrichum sp. and 55.80% against Fusarium sp. Based on MALDI-
TOF MS analysis, the prominent isolates HNR10, HNR13, and the high-performing degrader HNR27 were identified as
Lysinibacillus sphaericus, Alcaligenes sp., and Enterobacter bugandensis, respectively. These findings highlight the
potential applications of P. palatiferum-associated PGPR in sustainable agriculture.

Keywords: Biodegradation; fungal inhibition; MALDI-TOF MS; Plant Growth-Promoting Rhizobacteria;
Pseuderanthemum palatiferum (Nees) Radlk

1. Introduction

Pseuderanthemum palatiferum (Nees) Radlk (locally known in Vietnam as Hoan-Ngoc or Xuan-Hoa), a member of the
Acanthaceae family, was first discovered in northern Vietnam in 1990 [1]. It is an easily cultivated perennial shrub that
reaches a height of 1-2 meters, characterized by extensive branching, simple opposite lance-shaped leaves, white flower
clusters in the leaf axils or branch tips, and a capsule fruit containing four seeds [2]. In traditional Vietnamese and Thai
ethnomedicine, the leaves and roots are widely used. The leaves are specifically recommended for treating wounds,
colitis, gastric pain, physical injuries, hypertension, nephritis, and diarrhea. Crucially, toxicological studies indicate that
the leaves exhibit no acute or subacute toxicity, validating their safety profile [1-4].
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Figure 1 Morphology of the Hoan-Ngoc plant (A) and inflorescence (B) [5, 6]

Although scattered across domestic home gardens throughout Vietnam, the largest concentrated cultivation area of P.
palatiferum spans more than 80 hectares in Tay Ninh province. More than 85% of this region's natural soil is classified
as acrisol-a nutrient-deficient soil characterized by poor water retention. To process this medicinal plant into
commercial health products like instant teas and tea bags, local enterprises must adhere to strict governmental
cultivation guidelines governing soil management, fertilization, crop care, harvesting, and processing. Consequently,
organic fertilizers are heavily favored to mitigate the ecological drawbacks of synthetic chemical inputs [7-10].

Currently, plant-growth-promoting rhizobacteria (PGPR) are recognized as essential components of sustainable
agricultural development. According to the theory of multiple mechanisms, a single bacterial strain can directly
stimulate plant growth via biological nitrogen fixation, phosphate solubilization, and phytohormone production, while
simultaneously deploying indirect mechanisms such as hydrogen cyanide production, siderophore secretion, and
hydrolytic enzyme synthesis. These indirect properties drive antagonistic activities that suppress crop diseases,
particularly through the inhibition of fungal pathogens. This biocontrol action is primarily mediated by siderophore
production—which starves pathogenic fungi of essential iron—and enzymatic pathways that degrade fungal cell walls.
Furthermore, by secreting extracellular enzymes such as chitinase, protease/elastase, and {3-1,3-glucanase,
rhizobacteria decompose complex organic matter into simpler, plant-absorbable nutrients. Consequently, enzyme
activity within the rhizosphere plays a more critical role in breaking down carbon compounds and N-, P-, and S-
containing organic substances than enzymes found in the bulk soil mass [11].

Fungal pathogens belonging to the genera Colletotrichum and Fusarium frequently cause devastating anthracnose, wilt,
and root rot across diverse crops. While various multi-trait PGPR have been cataloged for disease management, Bacillus
and Pseudomonas species remain the most prominent biocontrol agents validated against Fusarium and Colletotrichum
in pot and field trials [12]. Beyond Bacillus spp. and Pseudomonas spp., Alcaligenes faecalis has also demonstrated
multifunctional plant growth-promoting traits, including robust pathogen resistance and enzyme production [11, 13,
14]. Meanwhile, Lysinibacillus spp. play a documented role in promoting plant growth alongside the bioremediation of
heavy metals and organic pollutants [15]. Similarly, specific strains of Enterobacter display dual-functioning, multiple
growth-promoting characteristics that protect hosts from pathogen attack while offering bioremediation potential;
however, the capacity of certain species within this genus to act as opportunistic human and plant pathogens must be
carefully evaluated before agricultural application [16, 17].

This study aimed to evaluate the indirect plant growth-promoting potential—specifically through enzyme production

and antifungal activity—of bacterial strains isolated from the rhizosphere of the Hoan-Ngoc plant (P. palatiferum (Nees)
Radlk), supporting the development of biological products for clean medicinal crop cultivation.
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2. Material and methods

2.1. Materials

Twenty-seven PGPR strains used in this study were originally isolated from the rhizosphere of Hoan-Ngoc plants
cultivated in Duong Minh Chau Commune, Tay Ninh Province, Vietnam. The two fungal pathogens, Colletotrichum sp.
and Fusarium sp. were provided by Ho Chi Minh City University of Medicine and Pharmacy.

2.2. Activation of bacteria and preparation of bacterial suspensions

Following storage, the 27 bacterial strains were reactivated and assessed for purity by streaking onto solid Luria-
Bertani (LB) agar medium (10 g tryptone, 5 g yeast extract, 10 g NaCl, 18 g agar per liter, pH 7.0). For each purified
strain, a single loop of biomass was collected using an inoculation loop and thoroughly suspended in a test tube
containing 5 mL of liquid LB broth. The tubes were incubated on an incubator shaker at 120 rpm and 30°C for 48
hours. Post-incubation, the optical density of each culture was measured via spectrophotometry at a wavelength of
600 nm (ODsoo) and adjusted to match a 0.5 McFarland standard, which corresponds to an approximate cell density of
1.5 x 108 CFU/mL. This standardized bacterial density was uniformly applied across all subsequent experiments [11].

2.3. Investigation of protein, starch, chitin and cellulose decomposition

2.3.1. Formulas of indicator media

The specific compositions and concentrations per liter of the culture media used to evaluate the decomposition of
protein, starch, chitin, and cellulose are detailed in Table 1. All media components were dissolved in distilled water,
adjusted to the required pH, and solidified by adding 18 g of agar. The media were then sterilized via autoclaving (moist
heat) and aseptically poured into sterile Petri dishes.

Table 1 Formulas of culture media and experimental purposes

Media Experimental Formulas References
purposes

Skim milk Decomposition of | 5g peptone; 3 g meat extract; 1 g yeast extract; 300 mL | [18]
protein skim milk; pH 6.5

Mtl Decomposition of | 3 gmeatextract; 5 g peptone; 2 g soluble starch; pH 7.0 | [19]
starch

Colloidal chitin Decomposition of | 0.7 g KzHPO4; 0.3 g KH2PO4; 0.5 g MgSO4. 5H20; 0.01 g | [20]
chitin FeS04.7H20; 1 mg ZnS04; 0.1 mg MnClz; 0.5 g colloidal

chitin; pH 6-7
CMC (Carboxymethyl | Decomposition of | 1 g (NH4)2504; 1g K2HPO4; 0.5 g MgS04; 9 mg NaCl; 10 | [21]
cellulose) cellulose g CMC; pH 6.8

2.3.2. Agar well diffusion method, color indicator reagent and assessment of substrate decomposition

The agar well diffusion method was employed to evaluate the enzymatic substrate decomposition. Wells were
punched into the agar plates using a sterile 6 mm diameter cork borer. A 50 pL aliquot of the supernatant—obtained
after centrifugation at 12,000 rpm for 5 minutes—was inoculated into each well. This fraction contained extracellular
enzymes produced by bacteria adapted for 48 hours in a liquid medium containing the corresponding substrate.
Following a 48-hour incubation period, the formation of a distinct zone of clearance (halo) served as an indicator of
substrate degradation. For proteolysis, a transparent halo developed naturally against the opaque white background
of the medium without requiring external dyes. Conversely, to visualize clearing zones for starch decomposition,
plates were stained with Lugol’s iodine solution containing 150 mg/mL of iodine (prepared by dissolving 5 g of iodine
and 10 g of potassium iodide in 100 mL of distilled water). For chitin and cellulose decomposition assays, plates were
flooded with a 0.1% Congo Red solution for 15 minutes, followed by washing with a 1 M NaCl solution. Substrate
degradability was quantitatively determined by subtracting either the well diameter or the colony diameter from the
total halo diameter [11].
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2.4. Investigation of antifungal ability

The two indicator fungal strains, Colletotrichum sp. and Fusarium sp., were cultured on Potato Dextrose Agar (PDA) for
5 days to prepare fungal mycelial plugs (5 mm diameter). A single fungal plug was placed at the center of a fresh PDA
plate, and two bacterial streaks were inoculated parallel to each other on opposite sides of the plug (Figure 2). The co-
cultured plates were incubated at room temperature for 3 to 7 days to monitor the formation of zones of inhibition. The
percentage of fungal growth inhibition (I) was calculated using the following formula [22]:

r
x 100

1(%) =

where R represents the mycelial growth radius of the fungal colony in the negative control treatment (inoculated with
the fungal plug alone), and r represents the fungal colony radius on the plate co-cultured with the bacterial strain [22].

Figure 2 Parallel streak method in fungal and bacterial co-culture

2.5. Identification of selected bacterial strains

Taxonomic identification was restricted to the bacterial strains that exhibited the highest performance in the growth-
promotion and antifungal assays. Species classification was performed via Matrix-Assisted Laser
Desorption/lonization-Time of Flight Mass Spectrometry (MALDI-TOF MS) at the Center for Science and Technology
Bio-Trends, Faculty of Biology and Biotechnology, VNU-HCM University of Science.

2.6. Experimental design and data analysis

All quantitative experiments were arranged in a completely randomized design (CRD) with three independent
replications. Statistical analyses, including one-way analysis of variance (ANOVA) and Duncan’s multiple range test
(alpha = 0.05), were performed using IBM SPSS Statistics software (version 20.0).

3. Results and discussion

3.1. Ability of PGPR strains isolated from Hoan-Ngoc plants to degrade protein, starch, chitin, and cellulose

In addition to the Hoan-Ngoc plant (P. palatiferum), numerous species within the Acanthaceae family—such as
Andrographis paniculata, Barleria lupulina, Barleria prionitis, and Hygrophila auriculata—are widely utilized as
medicinal herbs. Although the ecological significance of interactions between medicinal hosts and plant-associated
bacteria in synthesizing bioactive molecules is increasingly recognized [23], most contemporary research prioritizes
phytochemical profiling and pharmacological activities. Consequently, studies focusing on the rhizosphere microbiota
of these specific medicinal species remain scarce, limiting available comparative data.
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In this study, the enzymatic capacity of the isolated strains to decompose organic matter was qualitatively evaluated by
the formation of a clear halo surrounding the colony or well. Table 2 and Fig. 3 present the net halo diameters, calculated
by subtracting the well or colony diameter, which serve as an index of substrate degradation efficiency.

Table 2 Ability to decompose organic compounds of 27 PGPR strains isolated from Hoan-Ngoc plants

Treatments | Substrate decomposition ability (mm)

(Strains) Protein Starch Chitin Cellulose
HNRO1 0.00h+0.00 4678+115 |333dx1.15 | 11.334+2.31
HNRO2 0.001+0.00 8.00¢ + 2.00 4,004 +0.00 | 9.33e+1.15
HNRO3 9.33¢f+1.15 4.67%+1.15 4.67<+1.15 | 6.007+2.00
HNRO04 0.001+0.00 5.3388+231 2.009e+0.00 | 13.05+2.15
HNRO5 0.00h + 0.00 0.00h+0.00 0.00¢+£0.00 | 2.00hk+0.00
HNRO6 9.67df+2.08 | 11.33de+1.15 | 0.00¢+0.00 | 4.00 feh+0.00
HNRO7 8.67f+1.15 0.00h+0.00 0.00¢+£0.00 | 0.00k+0.00
HNRO8 14.67¢<+1.15 | 3.338"+1.15 | 0.00¢+0.00 | 0.00k+0.00
HNRO09 19.17v+0.83 | 6.67f+1.15 2.67d+1.15 | 3.338h+1.15
HNR10 18.11b+0.61 | 31.872+6.82 | 2.009+0.00 | 2.67h+1.15
HNR11 0.00h+0.00 0.00%+0.00 4,00 +0.00 | 15.15b+1.95
HNR12 22.072+1.19 | 10.67de+4.62 | 2.67<d+1.15 | 3.338h+1.15
HNR13 12.004+3.46 | 16.33¢+1.53 | 4.00d+0.00 | 5.33f+2.31
HNR14 10.67df+2.89 | 0.001+0.00 12.55b+1.12 | 2.002%+0.00
HNR15 0.001+0.00 0.00%+0.00 2.00de+0.00 | 2.67h+1.15
HNR16 0.001+0.00 0.002+0.00 4,004+ 0.00 | 0.00k+0.00
HNR17 8.671+3.06 19.33¢+4.16 | 2.67<+1.15 | 0.00k+0.00
HNR18 11.674e+2.89 | 34.642+1.30 | 1437>+3.73 | 2.67h+1.15
HNR19 0.00h+0.00 0.00h+0.00 2.00de+0.00 | 14.75b+ 0.46
HNR20 0.00h+0.00 0.00"+0.00 2.67¢d+1.15 | 0.00k+0.00
HNR21 0.00h £ 0.00 26.08P+1.65 | 0.00¢£0.00 | 0.00k+0.00
HNR22 0.00h £ 0.00 8.00F+2.00 | 2.004+0.00 | 3.338"+1.15
HNR23 0.00h+0.00 0.00h+0.00 2.00de+0.00 | 0.00k+0.00
HNR24 9.67 def+ 0.58 | 23.01>+0.91 | 0.00¢+0.00 | 0.00k+0.00
HNR25 0.00h+0.00 0.00"+0.00 0.00¢+£0.00 | 2.67h+1.15
HNR26 4.67¢+1.15 0.00"+0.00 3.33d+231 | 3.338h+1.15
HNR27 0.00h+0.00 12,674+ 115 | 19.132+2.49 | 18422+ 2.46
Control 0.001+0.00 0.00%+0.00 0.00¢+£0.00 | 0.00k+0.00

Means within a column followed by the same letters were not significantly different at « =0.05 using Duncan test.

Among the 27 PGPR strains surveyed, the numbers of isolates capable of degrading protein, starch, chitin, and cellulose
were 13 (48.1%), 16 (59.3%), 20 (74.1%), and 19 (70.3%), respectively. The proportion of substrate-degrading bacteria
varies considerably among studies due to differences in host plants, environmental conditions, and isolation sources.
Nevertheless, the frequencies of chitin- and cellulose-degrading strains observed in this study were generally higher
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than those previously reported, where chitin degradation ranged from 13-29% [24-26] and cellulose degradation
ranged from 60-64% [27, 28].

(A): Protein; (B): Chitin; (C): Starch; (D): Cellulose

Figure 3 Halo rings of some PGPR strains in organic matter decomposition experiments

Of the Hoan-Ngoc rhizobacteria evaluated, strains HNR18 and HNR10 exhibited the highest amylolytic activity,
generating clear zones of 34.64 mm and 31.87 mm, respectively. Cellulolytic efficiency was most prominent in strain
HNR27, which produced a hydrolysis halo of 18.42 mm. For the remaining traits, strain HNR12 demonstrated the
strongest proteolytic capacity with a clearing zone of 22.07 mm, while strain HNR27 topped the chitinolytic profiles
with a halo diameter of 19.13 mm. When contextualized with existing literature, several Hoan-Ngoc-associated isolates
demonstrated superior hydrolytic potential. The maximum clearing zones observed for starch and cellulose
degradation in this study substantially exceeded the benchmarks of 5 mm [29] and 9 mm [30] reported previously.
Similarly, the proteolytic performance of strain HNR12 surpassed the typical range of 2-16 mm documented in prior
PGPR investigations [30]. Meanwhile, the chitinolytic activity of strain HNR27 fell well within the established literature
range of 17-31 mm [31]. Because starch and cellulose constitute the primary structural elements of plant residues in
soil, the capacity of these isolates to aggressively hydrolyze such substrates highlights their proficiency in driving
rhizosphere nutrient cycling and organic matter turnover. Furthermore, the robust, multi-enzymatic degradation
profiles—spanning protein, starch, cellulose, and chitin—underscore the dual-functional potential of these elite isolates
to simultaneously mobilize locked nutrients and suppress fungal pathogens via cell-wall degradation.

3.2. Antifungal ability of PGPRs of Hoan-Ngoc plants

Out of the 27 surveyed isolates, only two strains (7.4%) showed clear activity against the tested fungal pathogens. The
in vitro biocontrol effects recorded after 7 days of co-cultivation are summarized in Table 3 and Fig. 4. The two strains
showed similar data against Fusarium sp., with strain HNR10 achieving 55.83 % and strain HNR13 achieving 55.00 %.
Conversely, their performance against Colletotrichum sp. was noticeably different; strain HNR10 achieved a significantly
higher inhibition rate (50.00%) than strain HNR13 (39.47%). Both isolates successfully reduced fungal growth
compared to the untreated control group.

Table 3 Inhibition rate of two strains HNR10 and HNR13 against Colletotrichum sp. and Fusarium sp.

Strains | Inhibition rate (%) against Colletotrichum sp. | Inhibition rate (%) against Fusarium sp.

HNR10 | 50.002 % 2.63 55.832+1.44
HNR13 | 39.47>+0.00 55.002+ 2.50
Control | 0.00 <+ 0.00 0.00® £ 0.00

Means within a column followed by the same letters were not significantly different at « =0.05 using Duncan test.

When compared to existing literature, the baseline inhibition percentages recorded in this study were lower than those
of certain highly specialized biocontrol agents. For instance, Bacillus subtilis strain gt11 and Enterobacter soli strain TH8
achieved inhibition rates of 73.57% [32] and 70.7% [33] against Fusarium oxysporum, respectively. Similarly, twelve
distinct strains of B. subtilis exhibited inhibitory rates against F. oxysporum sp. niveum spanning 50.4% to 67.0%, though
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isolates capable of exceeding a 50% inhibition threshold generally accounted for only 26.7% to 40.0% of the total
screened populations [22, 32, 33].

Figure 4 Ability to inhibit Colletotrichum sp. (A) and Fusarium sp. (B) of two strains HNR10 and HNR13

Regarding Colletotrichum suppression, Bacillus siamensis strain GP-P8 demonstrated robust inhibition rates against C.
acutatum (78.5%), C. dematium (71.0%), and C. coccodes (82.0%) [34]. In another broad screening of 125 PGPR strains,
only seven isolates (5.6%) exhibited resistance toward C. acutatum, led by strain AB15 (identified as Paenibacillus
polymyxa) with a peak inhibition rate of 69.2% [35].

Although the inhibition rates observed in this study were lower than those reported for some specialized biocontrol
strains, HNR10 and HNR13 exhibited a broad antagonistic spectrum against both Fusarium sp. and Colletotrichum sp..
Therefore, these two isolates, together with the highly chitinolytic and cellulolytic strain HNR27, were selected for
taxonomic identification.

3.3. Results of identification of selected strains

Taxonomic identification of the three high-performing isolates (HNR10, HNR13, and HNR27) using the Bruker Daltonik
MALDI-TOF mass spectrometry method yielded matches to Lysinibacillus sphaericus, Alcaligenes faecalis, and
Enterobacter bugandensis, with score values of 2.00, 1.83, and 2.26, respectively. According to the method criteria,
scores = 2.00 provide highly reliable species-level identification, confirming the identities of strains HNR10 (L.
sphaericus) and HNR27 (E. bugandensis). In contrast, strain HNR13 produced a score of 1.83, which supports reliable
identification only at the genus level. Therefore, this isolate was assigned to Alcaligenes sp..

Enterobacter bugandensis is recognized for its broad environmental stress tolerance, encompassing drought resilience,
halotolerance, and the bioaccumulation of toxic heavy metals like lead (Pb) and cadmium (Cd). For instance, E.
bugandensis strain WRS7 can withstand severe drought conditions without exhibiting alterations in cellular
morphology. Metabolic engineering approaches applied to this strain revealed key mechanisms for coping with
oxidative and osmotic stress, providing a foundation for developing bio-inoculants tailored for drought-affected
agricultural ecosystems [36]. Similarly, the halotolerance of E. bugandensis strain R-18, isolated from saline-alkaline
soil, was shown to mitigate NaCl-induced stress in hydroponically grown maize (Zea mays L.). Strain R-18 tolerated a
wide pH range (8.0-11.0) and survived at NaCl concentrations up to 10.0% while expressing multiple plant growth-
promoting (PGP) traits, including nitrogen fixation, phosphate/potassium solubilization, ACC deaminase activity, and
indole-3-acetic acid (IAA) biosynthesis. Inoculating maize with strain R-18 significantly enhanced plant height, stem dry
weight, and root biomass by improving ionic balance, driving osmotic adjustment, and reducing oxidative stress [37].
Furthermore, E. bugandensis strain T]6 was shown to reduce Cd and Pb accumulation in wheat tissue. This heavy-metal
mitigation was achieved through direct bacterial absorption of the metals and the up-regulation of host plant root DNA
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repair capacities, antioxidant activities, and endogenous hormone levels, supporting the application of metal-fixing
bacteria in safe food production [38]. Despite its promising plant growth-promoting and stress-mitigation traits,
Enterobacter bugandensis has also been reported as an opportunistic pathogen [17]. Therefore, comprehensive
biosafety assessments should be conducted before its large-scale agricultural application.

Similarly, Lysinibacillus sphaericus is known for its heavy metal tolerance and biocontrol efficacy against insect larvae,
such as mosquitoes. Seven evaluated L. sphaericus strains demonstrated nitrogen-fixing, nitrifying, and [AA-producing
capabilities; among these, the four most effective strains promoted shoot length, root length, and leaf development in
Canavalia ensiformis while enhancing root lead bioaccumulation by up to 40% under greenhouse conditions [39]. In
another study, strains S2B and S3C, isolated from Sago palm trees, were identified as L. sphaericus and Bacillus
thuringiensis, both exhibiting high IAA production, nitrogen fixation, and pronounced phosphate solubilization [40].
Furthermore, Lysinibacillus fusiformis, alongside Alcaligenes faecalis and Bacillus cereus, was evaluated as a seed
inoculant for wheat cultivated under varying salinity levels (4, 6, and 9 dS m™* EC) amended with biogas slurry.
Rhizobacterial inoculation increased shoot and root lengths by up to 40% and 34%, respectively, with the combination
of biogas slurry and L. fusiformis yielding the highest growth and crop yield under salt stress [41]. Because salt stress
elevates harmful endogenous ethylene levels that stunt root development, deploying ACC deaminase-producing PGPR
like L. fusiformis, B. cereus, and A. faecalis offers an effective strategy to regulate plant ethylene levels and restore growth
in saline soils [42].

4., Conclusion

Rhizobacteria associated with Pseuderanthemum palatiferum (Nees) Radlk exhibited diverse capacities for organic
matter degradation and fungal suppression, highlighting their potential contribution to nutrient cycling and plant health
in the rhizosphere. Among the 27 isolates evaluated, HNR10, HNR13, and HNR27 demonstrated the most promising
functional traits, combining strong hydrolytic activity and/or antifungal effects. These strains, identified as
Lysinibacillus sphaericus, Alcaligenes sp., and Enterobacter bugandensis, respectively, represent potential candidates
for the development of microbial inoculants for sustainable medicinal-plant cultivation. Further greenhouse and field
evaluations, together with comprehensive biosafety assessments, are needed to verify their efficacy and biosafety under
practical cultivation conditions.
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