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Abstract

Plant growth-promoting rhizobacteria (PGPR) are considered promising bio-inoculants for
poplar production, but their effects can vary depending on bacterial strain, host genotype,
and growth environment. In this study, we evaluated the responses of ten poplar clones
representing three taxonomic groups to five indigenous PGPR strains under greenhouse
and open-field nursery conditions. Under greenhouse conditions, Priestia aryabhattai GJRr2,
Variovorax boronicumulans HNRr1, and a mixed inoculum (Mix) showed the most consistent
positive effects. Plant height increased from 86.1 &= 5.6 cm in the control to 156.0 £ 9.4 cm in
the GJRr2 treatment, whereas HNRr1 produced the greatest stem diameter (9.01 £ 0.26 mm)
and total fresh weight (94.0 = 6.0 g). Clone identity explained a larger independent fraction
of growth variation than bacterial strain, and the strongest integrated responses were
observed in 1-476, Dorskamp, and Eco28. Field responses were generally weaker, but
GJRr2 and Mix still increased height, DBH, and stem volume, whereas ORa was associated
with negative responses in these traits. These results demonstrate that PGPR effects in
poplar are strain-specific, clone-dependent, and environmentally contingent, indicating
that inoculant selection should account for both host genotype and performance stability
across growth conditions.

Keywords: clonal variation; field validation; forest soil microbiology; growth response
variability; plant growth-promoting rhizobacteria; plant-microbe interactions; Populus

1. Introduction

Poplars (Populus spp.) are fast-growing trees with high biomass productivity and play
important roles in afforestation, timber production, and bioenergy systems [1,2]. Owing to
their rapid juvenile growth, ease of clonal propagation, and suitability for replicated experi-
ments, poplars have long served as a model system in woody plant research and field-based
studies [3]. In addition, the genus Populus exhibits extensive interspecific hybridization and
substantial clonal variation, making it well suited for evaluating genotype-dependent re-
sponses to microbial inoculation [4,5]. Because poplars are commonly established through
stem cuttings, successful establishment depends heavily on rapid adventitious root forma-
tion and early shoot development [6,7]. However, these early developmental processes are
strongly influenced by site conditions such as soil moisture, nutrient availability, and other
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environmental factors, meaning that the nursery stage often becomes a major bottleneck in
poplar production systems [8].

Root-associated microorganisms are known to influence the performance of woody
plants in multiple ways. In Populus, previous studies have shown that mycorrhizal fungi,
endophytes, and other beneficial microbes can affect nutrient uptake, rooting, and stress
tolerance [9]. Among these beneficial microbes, plant growth-promoting rhizobacteria
(PGPR) are of particular interest because they can enhance plant growth through both direct
and indirect mechanisms. Direct mechanisms include modulation of phytohormones such
as indole-3-acetic acid (IAA), biological nitrogen fixation, phosphate solubilization, and
siderophore-mediated iron acquisition, whereas indirect mechanisms include suppression
of phytopathogens and induction of plant defense responses [10-14]. Through these func-
tions, PGPR can improve plant vigor under adverse conditions such as nutrient limitation,
drought, and oxidative stress [15-17]. At the same time, PGPR effects are influenced not
only by bacterial functional traits but also by successful rhizosphere establishment and
compatibility with the host plant. Consequently, growth responses may vary considerably
among bacterial strains and plant genotypes [18,19].

Although PGPR have been extensively studied in agricultural crops, their application
in forest trees remains comparatively underexplored [20-22]. Several studies have sug-
gested that bacterial inoculants can improve rooting, early growth, or stress tolerance in
poplar cuttings and seedlings [23]. However, most of these studies have been conducted
under controlled greenhouse conditions and have typically involved only one or a few
genotypes [24,25]. This is an important limitation in tree systems, where longer life spans,
greater genetic heterogeneity, and continued exposure to heterogeneous soil and climatic
conditions may strongly influence microbial colonization, persistence, and functional ex-
pression [26-30]. Under nursery and field conditions, introduced strains must also compete
with indigenous microbial communities while tolerating fluctuations in temperature, mois-
ture, and soil properties, all of which may alter inoculant performance [31,32]. This issue
is especially relevant for indigenous PGPR isolates. Although such isolates are often as-
sumed to be better adapted to local environments, their performance across different host
genotypes and under operational nursery conditions remains poorly understood [33,34].

Consequently, it remains unclear how indigenous PGPR strains interact with diverse
Populus clones and whether their growth-promoting effects are maintained when moving
from controlled greenhouse environments to heterogeneous open-field nursery conditions.
This lack of field-validated, genotype-specific evidence limits the development of reliable
microbial inoculants for poplar production and forestry applications [35].

In this study, we evaluated the responses of multiple poplar clones to indigenous
PGPR inoculation under both greenhouse and open-field nursery conditions. Specifically,
we examined whether (i) the effects of individual PGPR strains differed among host
clones and (ii) these effects were maintained across controlled and operational nursery
environments. Our aim was to clarify clone-dependent PGPR performance and provide a
basis for genotype-informed inoculation strategies in poplar production systems.

2. Materials and Methods
2.1. Isolation of Plant-Associated Bacteria

Plant-associated bacteria were isolated from rhizosphere soils and internal root tissues
of Salix and Populus species collected from ten sampling sites across South Korea (Figure 1).
At each site, three healthy trees were sampled as biological replicates, and fine roots were
collected from three directions around each tree and composited for bacterial isolation. For
rhizosphere isolates, approximately 1 g of soil adhering to fine roots was suspended in
sterile distilled water, serially diluted (10~1-107°), and 0.1 mL aliquots were spread on
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R2A and TSA for Salix, and on LB agar, NA, R2A agar, and TSA for Populus (MBcell, Seoul,
Republic of Korea). For endophytic isolates, surface-sterilized roots were homogenized,
serially diluted (10~1-10~3), and plated on the same media. Plates were incubated at 27 °C
for 3 days. Morphologically distinct colonies were purified by repeated streaking, and all
isolates were stored at —80 °C in 25% glycerol stocks, with five vials prepared per strain.
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Figure 1. Sampling locations of Salix pierotii and Populus davidiana used for bacterial isolation across
South Korea. Circles indicate Populus sampling sites and triangles indicate Salix sampling sites.
The (right) panel shows the location of the Korean Peninsula within East Asia, and the (left) panel
provides a detailed map of the sampling sites.

2.2. Taxonomic Identification of Representative Bacterial Isolates

To obtain a non-redundant set for downstream screening, isolates representing distinct
colony morphotypes were selected based on visible differences in colony size, color, margin,
elevation, and surface texture, and were then identified by 16S rRNA gene sequencing.
When multiple isolates showed the same or highly similar 165 rRNA-based taxonomic
assignments, one representative isolate was retained. The resulting representatives were
screened for PGP potential using an initial IAA assay, followed by additional functional
trait assays. Genomic DNA was extracted from pure cultures, and the 165 rRNA gene
was amplified using primers 27F (5'-AGAGTTTGATCMTGGCTCAG-3') and 1492R (5'-
TACGGYTACCTTGTTACGACTT-3') [36]. Sanger sequencing was performed by Macrogen
(Seoul, Republic of Korea). Consensus sequences were queried against the NCBI nucleotide
database using BLASTn, and taxonomic assignments were cross-checked using EzBioCloud
(CJ Bioscience, Inc., Seoul, Republic of Korea) [37]. Multiple sequence alignment and phy-
logenetic analyses were conducted in MEGA version 11 using the neighbor-joining method
with 1000 bootstrap replications under the maximum composite-likelihood model [38,39].
The key strains used for inoculation, Priestia aryabhattai GJRr2 and Variovorax boronicumu-
lans HNRr1, were deposited in the Korean Agricultural Culture Collection (KACC, Wanju,
Republic of Korea) as patent microorganisms under accession numbers KACC 92649P and
KACC 92648P, respectively.

2.3. Functional Trait Profiling of PGPR Strains (In Vitro)

Functional traits of PGPR strains were characterized using a set of in vitro as-
says targeting hormone production, nutrient mobilization, enzymatic activity, and
antioxidant capacity.
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2.3.1. Indole-3-Acetic Acid (IAA) Production Assay

Indole-3-acetic acid (IAA) production was determined using a colorimetric assay based
on Salkowski reagent [40]. A total of 1.0 mL of bacterial cultures was inoculated into 10 mL
of L-tryptophan broth (10 g gelatin pancreatic peptone, 5 g NaCl, and 1 g L-tryptophan per
liter; pH 7.5) and incubated at 27 °C for 4 days with shaking at 150 rpm. After incubation,
cultures were centrifuged at 7267 x g for 10 min at 4 °C, and 1.5 mL of the supernatant was
mixed with 3.0 mL of Salkowski reagent (98 mL of 35% HClIO, and 2 mL of 0.5 M FeCls).
The mixture was incubated at room temperature in the dark for 30 min, and absorbance was
measured at 530 nm using a UV-Vis spectrophotometer (Ubi-600, MicroDigital, Seongnam,
Republic of Korea). IAA concentrations were quantified using a standard curve prepared
with pure IAA and were used for comparative screening of isolates. Because the initial
screening was based on supernatant IAA concentration rather than biomass-normalized
production, the assay was intended to compare relative IAA accumulation among isolates
under standardized culture conditions. Isolates producing more than 5 pg mL~! were
classified as high producers.

2.3.2. Phosphate Solubilization and Siderophore Production Assays

Phosphate solubilization was assessed on National Botanical Research Institute’s
Phosphate (NBRIP) agar medium containing (per liter) 10 g glucose, 5 g Ca3(PO4)2, 5 g
MgCl,-6H,0, 0.14 g MgSOy, 0.2 g KCI, and 0.1 g (NH4),SO4 [41]. Sterile paper discs (6 mm
diameter; Whatman AA) were placed at the center of agar plates and inoculated with 3 pL
of pre-cultured bacterial suspension.

Siderophore production was evaluated on chrome azurol S (CAS) agar according to
Schwyn and Neilands, with minor modifications [42]. The CAS medium contained (per
liter) 60.5 mg chrome azurol S, 72.9 mg hexadecyltrimethylammonium bromide (HDTMA),
10 uM FeCl3-6H0, and 10 mM PIPES buffer (pH 6.8). Sterile paper discs were inoculated
with 3 uL of bacterial suspension and incubated at 27 °C for 4 days.

Phosphate solubilization and siderophore production were assessed qualitatively
based on the formation of clear (phosphate solubilization) or orange (siderophore produc-
tion) halo zones surrounding the inoculated discs. These assays were used as qualitative
screens of trait expression, and strains showing visible halo formation were recorded
as positive.

2.3.3. Hydrolytic Enzyme Activity Assays

Hydrolytic enzyme activities of bacterial strains were assessed using plate-based
assays. Cellulase activity was evaluated on potato dextrose agar (PDA) supplemented
with 1% (w/v) carboxymethylcellulose, and protease activity was assessed on PDA supple-
mented with 2% (w/v) skim milk. Sterile paper discs (6 mm diameter) were placed at the
center of agar plates and inoculated with 3 pL of overnight bacterial culture. Each strain
was tested on three replicate plates per assay. Plates were incubated at 27 °C for 4 days,
and enzymatic activity was recorded as positive when a visible clear zone formed around
the inoculated discs.

2.3.4. Optimization of IAA Production by Selected Strains

Optimization of indole-3-acetic acid (IAA) production was conducted for two repre-
sentative strains (GJRr2 and HNRr1) to characterize strain-specific responses to physico-
chemical culture conditions. Incubation temperature (20-35 °C at 5 °C intervals), initial
medium pH (5-9 at 1-unit intervals), L-tryptophan concentration (0, 1, 3, and 5 mM), and
incubation time (24, 30, 48, and 72 h) were varied independently while all other conditions
were held constant.
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IAA concentration was quantified using the Salkowski assay (Section 2.3.1). Maximum
IAA production was defined as the highest value observed across the tested conditions. To
account for differences in bacterial growth, IAA production was normalized to biomass as
IAA/ODgp.

2.4. Plant Experiments (In Planta)
2.4.1. Plant Materials

Ten Populus clones were used in this study. Four clones belonged to Populus del-
toides, three to Populus tomentiglandulosa T. B. Lee, and three to Populus canadensis Moench
(Table 1). All clones were provided by the National Institute of Forest Science (NIFoS,
Suwon, Republic of Korea) and were treated as independent experimental units to evalu-
ate clone-dependent variation in growth responses to PGPR inoculation. Dormant stem
cuttings were collected in mid-to-late March 2025 from current-year shoots in the NIFoS
nursery. Cuttings were selected to be healthy and undamaged, standardized to approxi-
mately 20 cm in length and 1 cm in diameter, wrapped to prevent desiccation, and stored at
4 °C until use. They were then rooted in propagation trays and transplanted into pots for
the greenhouse experiment or planted directly in field plots for the open-field experiment.

Table 1. List of Populus clones used in this study (ten clones across three taxonomic groups).

Taxonomic Group Group Code Clone Name
P. deltoides PD 79-1L-16, 79-21-01, ST-240, Ay48
P. tomentiglandulosa PT 72-30, Bongwha, Clivus
P. canadensis PC Dorskamp, Eco28, 1-476

Plant materials were provided by NIFoS (Republic of Korea); no protected species were involved, and no permits
or ethical approval were required.

2.4.2. Experimental Setup

Greenhouse and open-field experiments were conducted simultaneously at the NIFoS
in Suwon, Republic of Korea (37°15'8"” N, 126°57'29" E). In both experiments, each inoc-
ulation treatment was assigned to a separate plot (block), within which Populus cuttings
were planted and managed under the same conditions. For the greenhouse experiment,
rooted Populus cuttings were transplanted into 10 L pots filled with a non-sterilized peat
moss:perlite mixture (3:1, v/v). Pots were arranged by treatment group in separate plots
under ambient greenhouse conditions without artificial environmental control and were
irrigated twice daily with tap water. Within each treatment plot, clone and replicate indi-
viduals were arranged in a predefined order, and pot positions were rotated during the
experiment to reduce positional effects while maintaining the treatment layout. Planting
was conducted on 10 April 2025, and no fertilizer was applied during the experimental
period. The field experiment was conducted in an open nursery at the same institute.
Treatment plots were established in twelve blocks distributed across two rows. Before
planting, the site was leveled to improve plot uniformity. Within each treatment plot,
ten Populus clones were planted in a single row with nine plants per clone (90 plants per
plot; 1080 plants in total). Cuttings were planted at 0.6 m spacing within rows and 0.5 m
spacing between rows, and clone positions were rotated among blocks to reduce spatial
heterogeneity. Film mulching was applied before planting to suppress weed growth and
reduce surface moisture loss. Plots were irrigated automatically using a sprinkler system,
and weeds emerging through the mulch holes were removed manually as needed during
the experimental period. To minimize edge effects, additional guard rows were established
at the uppermost and lowermost edges of each block, and guard-row plants were excluded
from all measurements and statistical analyses.
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2.4.3. Bacterial Inoculation Treatments

Seven inoculation treatments were applied, including an uninoculated control, five
single-strain treatments (OLa, GJRr2, HNRr1, CSRrl, and ORa), and one mixed-strain
treatment containing all five strains (Mix). Each strain was cultured in tryptic soy broth
at 27 °C for 72 h with shaking at 150 rpm, centrifuged at 1666 x g for 10 min, and concen-
trated 20-fold. Concentrated suspensions were stored at 4 °C and diluted with tap water
immediately before application.

For the greenhouse experiment, bacterial suspensions were adjusted to an optical
density of ODggg = 0.1, whereas for the field experiment, suspensions were adjusted to
ODgq = 0.2. Different inoculum concentrations were used in the greenhouse and field
experiments to account for differences in application volume, environmental exposure,
and expected dilution under field conditions. Bacterial application was performed using
both root dipping and soil drenching methods to promote early root-surface contact and
continued delivery of inoculum after planting. For root dipping, stem cuttings were
immersed in bacterial suspensions for 24 h prior to planting. For soil drenching, bacterial
suspensions were applied directly to the soil surface immediately after planting at volumes
of 50 mL per pot in the greenhouse experiment and 100 mL per plant in the field experiment.

Inoculations were repeated eight times at intervals of two to four weeks, consisting
of six biweekly and two monthly applications. Control plants received the same volume
of tap water at each application. Statistical analyses were based on measurements taken
18 weeks after planting in the greenhouse experiment and 20 weeks after planting in the
field experiment.

2.4.4. Assessment of Plant Growth Responses

Plant growth responses were assessed at the final evaluation of each experiment.
Measured traits included shoot length, stem diameter, and number of leaves. Shoot length
was measured using a measuring tape, and stem diameter was measured using a digital
Vernier caliper (500-702-20, Mitutoyo Corp., Kawasaki, Japan). Shoot and root biomass
were recorded as fresh and dry weight. Before fresh weight measurement, surface moisture
was gently removed from shoots and roots using paper towels. Dry weight was determined
after oven-drying at 65 °C for 48 h until constant weight using a drying oven (JSOF-150,
JSR, Gonju, Republic of Korea). Fresh and dry biomass were measured using balances
(MWII-H and SWII-CW, CAS, Yangju, Republic of Korea). In the greenhouse experiment,
stem diameter was measured at the root collar (root collar diameter, RCD), reflecting early-
stage growth. In the field experiment, stem diameter was measured as diameter at breast
height (DBH), following standard forestry practice. Basal area (BA) and stem volume
(V) were calculated from stem diameter (D) and shoot height (H), where D represents
RCD in the greenhouse experiment and DBH in the field experiment. Stem volume was
estimated using a simplified geometric approximation assuming a conical stem shape,
applied consistently within each experiment to allow comparisons among treatments. The

2
BA = 1 X (2) (@)

v =" )

equations were as follows:

Statistical analyses were conducted using five biological replicates per treatment at
the final assessment.
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2.5. Statistical Analysis

All statistical analyses were performed in R (v4.3.2) [43]. For both greenhouse and
field experiments, treatment effects on individual growth traits were tested using Welch'’s
analysis of variance (ANOVA) to account for heteroscedasticity. When treatment effects
were significant, post hoc comparisons against the uninoculated control were conducted
using Games—Howell tests. In the greenhouse experiment, the effects of strain, clone, and
their interaction were further evaluated using two-way ANOVA with strain and clone
as fixed factors. To summarize overall growth responses in the greenhouse experiment,
individual trait values at week 18 for number of leaves, height, stem diameter, leaf fresh
weight, leaf dry weight, root fresh weight, root dry weight, total fresh weight, and total dry
weight were standardized as z-scores, and a composite growth index was calculated for each
plant as the mean of these standardized values. Strain effects on this index were assessed
using a linear mixed-effects model with strain as a fixed effect and clone as a random effect,
and estimated marginal means were compared using Tukey-adjusted multiple comparisons.
To compare treatment responses between greenhouse and field experiments, standardized
effect sizes (Hedges’ g) were calculated for each trait relative to the control [44]. Spearman’s
rank correlation analysis was used to examine relationships among key growth traits in the
greenhouse and open-field experiments. In the greenhouse experiment, correlations were
evaluated among height, stem diameter, and total fresh weight at 18 weeks after planting.
In the open-field experiment, correlations were evaluated among height, diameter at breast
height (DBH), and shoot fresh weight at 20 weeks after planting. Correlation coefficients
were calculated for the pooled dataset and separately for each clone group (P. deltoides, P.
tomentiglandulosa, and P. canadensis). Statistical significance was set at p < 0.05.

3. Results
3.1. Diversity and Taxonomic Composition of Plant-Associated Bacteria

A total of 332 bacterial isolates were obtained from the rhizosphere soils and root
tissues of Salix pierotii Miq. and Populus davidiana Dode collected across ten sites in South
Korea. Of these, 142 isolates originated from Salix and 190 from Populus. Among the
332 isolates, 291 yielded reliable 16S rRNA gene sequence-based taxonomic assignments
and were used for taxonomic analysis.

Based on 16S rRNA gene sequencing, these 291 isolates were assigned to 54 genera
belonging to 35 families. Salix-associated isolates comprised 34 genera, including 20 recov-
ered from root tissues and 26 from rhizosphere soils, whereas Populus-associated isolates
represented 31 genera, with 17 from roots and 23 from soils. Among the identified isolates,
Bacillaceae was the dominant family, accounting for 55.0% (160/291) of all taxonomically
assigned isolates. At the genus level, Bacillus was the most abundant genus (25.8%, 75/291),
followed by Lysinibacillus (7.2%, 21/291), Paenibacillus (6.9%, 20/291), Gottfriedia (6.2%,
18/291), and Priestia (4.8%, 14/291). Together, these five genera accounted for 50.9% of all
identified isolates.

At the genus level, Salix-associated isolates were mainly affiliated with Priestia, Got-
tfriedia, Bacillus, and Variovorax, whereas Populus-associated isolates were dominated by
Bacillus, Paenibacillus, Peribacillus, and Lysinibacillus (Figure 2a). Although several genera
were shared between the two host plants, their relative abundances differed between
Salix and Populus. In particular, Priestia and Variovorax were more prominent among
Salix-associated isolates, whereas Paenibacillus, Peribacillus, and Lysinibacillus were more
characteristic of Populus-associated isolates. Distinct compartment-specific patterns were
also observed (Figure 2b). Bacillus was more abundant in rhizosphere samples than in root
endosphere samples, whereas Agrobacterium, Priestia, Pseudomonas, and Variovorax were
relatively more represented in endophytic compartments (Figure 2b).
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Figure 2. Genus-level distribution of culturable bacterial isolates associated with Salix and Populus.
Bars represent the relative abundance of isolates grouped by (a) host genus and (b) plant compartment
(endosphere or rhizosphere), based on 165 rRNA gene identification. The ten most abundant genera
across all samples are shown, and remaining taxa are combined as ‘Others’.

3.2. In Vitro Plant Growth—Promoting Traits of Bacterial Isolates
3.2.1. Indole-3-Acetic Acid Production

Indole-3-acetic acid (IAA) production varied widely among the bacterial isolates
in the presence of L-tryptophan, ranging from trace levels to more than 40 ppm under
the assay conditions. Detectable IAA production was observed in 81 isolates, of which
35 produced more than 5 ppm and 8 produced more than 10 ppm in the colorimetric screen-
ing assay. Endophytic isolates generally showed higher supernatant IAA concentrations
than rhizospheric isolates. Among the tested isolates, Variovorax boronicumulans HNRr1
showed the highest measured IAA concentration, reaching 42.2 + 0.9 ppm under the
screening conditions.

3.2.2. Phosphate Solubilization and Siderophore Production

Phosphate solubilization and siderophore production were detected in multiple iso-
lates. On NBRIP agar, phosphate solubilization was indicated by the formation of clear halo
zones, whereas siderophore production on CAS agar was confirmed by the appearance
of orange halos surrounding bacterial colonies. Distinct halo formation was observed for
several isolates, including Priestia aryabhattai GJRr2 and Variovorax boronicumulans HNRr1,
in both assays.

3.2.3. Hydrolytic Enzyme Activities

Hydrolytic enzyme assays indicated that cellulase activity was detected in several
isolates, whereas protease activity was observed in only one isolate. Clear cellulolytic zones
were formed by Paenibacillus gorillae OLa, Ensifer morelensis CSRr1, Bacillus thuringiensis ORa,
P. aryabhattai GJRr2, and V. boronicumulans HNRr1. Protease activity, indicated by casein
hydrolysis on skim-milk agar, was detected only in P. aryabhattai GJRr2. Representative
isolates exhibiting contrasting plant growth—promoting traits are summarized in Table 2.

Table 2. In vitro screening of plant growth—promoting traits in representative bacterial isolates.

IAA Production Phosphate Siderophore Cellulase Protease
Isolates (opm) Solubilization Production Activity Activity
PP (Plate Assay) (CAS Assay)  (Plate Assay) (Plate Assay)
P. aryabhattai GJRr2 28.4+21 +++ +4++ +++ +4++
V. boronicumulans HNRr1 422+09 +++ +++ +++ -
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Table 2. Cont.
. Phosphate Siderophore Cellulase Protease
Isolates IAA }’ro;lnl;ctlon Solubilization Production Activity Activity
PP (Plate Assay) (CAS Assay)  (Plate Assay) (Plate Assay)

E. morelensis CSRr1 126 1.3 ++ ++ ++ -
B. thuringiensis ORa 10.2 £ 0.8 ++ ++ ++ -
P. gorillae OLa 8.8 0.9 + + + -
G. acidiceleris GIRDb * 52+07 + - - -

* Gottfriedia acidiceleris GIRb was included as a reference isolate and was not used in plant inoculation experiments.
IAA values are mean =+ SD. -, not detected; +, low activity; ++, moderate activity; +++, high activity.

3.3. Optimization of IAA Production in Selected Strains

Stepwise optimization experiments were conducted to determine culture conditions
that maximize IAA production in strains GJRr2 and HNRrl. Individual factors were
examined separately, and the best-performing ranges were combined to identify the final
optimal conditions. The optimized conditions and corresponding IAA production levels
are summarized in Table 3.

Table 3. Optimized culture conditions for indole-3-acetic acid (IAA) production in P. aryabhattai GJRr2
and V. boronicumulans HNRr1.

Strain Tryptophan (mM)  Temperature (°C) pH Time (h) IAA (ppm) TAA/ODgp
GJRr2 5mM 25°C 7-8 24h 86.12 £ 1.55 39.19 +£2.35
HNRrl 3mM 35°C 7-8 30h 9547 £13.99  53.71 £ 8.05

IAA values are means £ SD. IAA/ODygq indicates IAA production normalized to bacterial growth (ODggp).
Culture conditions were optimized by testing one factor at a time while keeping the remaining variables constant.

The two strains exhibited distinct temporal patterns of IAA production. GJRr2 reached
its maximum IAA level within 24 h, whereas HNRr1 showed a more gradual increase, with
peak production observed at 30 h. Strain-specific differences were also observed in the
response to L-tryptophan concentration. IAA production in GJRr2 increased steadily up to
5 mM, whereas HNRr1 reached its maximum at 3 mM and showed a reduced response at
5 mM.

For both strains, the highest IAA concentrations were observed at pH 7 and 8. When
expressed as absolute IAA concentration, GJRr2 showed higher production under high-
density culture conditions. In contrast, when normalized to cell density (IAA/ODgqp),
HNRrl showed greater IAA production efficiency per unit biomass. Final optimal
conditions were selected based on the maximum absolute IAA concentration for each
strain, whereas IAA/ODyggg values were used to interpret strain-specific differences in
production efficiency.

3.4. Growth Response Under Greenhouse Conditions
3.4.1. Strain-Dependent Growth Responses

Under greenhouse conditions, significant strain effects were detected for all measured
traits (Welch’s ANOVA, p < 0.001), indicating that PGPR inoculation resulted in strain-
dependent differences in plant growth responses (Figure 3). Relative to the uninoculated
control, the largest and most consistent increases were observed for HNRr1, GJRr2, and the
mixed inoculum (Mix), particularly for height, stem diameter, and biomass-related traits.
For example, plant height increased from 86.1 & 5.6 cm in the control to 156.0 & 9.4 cm in
GJRr2,138.2 4+ 7.6 cm in HNRr1, and 143.4 £ 7.1 cm in Mix.
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Figure 3. Strain-dependent growth responses of Populus cuttings under greenhouse conditions.
Effects of PGPR inoculation on (a) plant height, (b) stem diameter, (c) shoot fresh weight, and (d) total
fresh weight measured at the final harvest. Values are means £ SE. Treatment effects were tested
using Welch’s ANOVA (p < 0.05). Con, uninoculated control; Mix, mixed inoculum. Different colored
circles are used only to visually distinguish the treatments.

Among individual treatments, HNRr1 produced the highest values for stem diameter
(9.01 & 0.26 mm) and total fresh weight (94.0 & 6.0 g), whereas Mix showed the highest
shoot fresh weight (81.2 & 5.1 g). GJRr2 also exhibited pronounced positive effects across
multiple traits, including the greatest plant height and the highest number of leaves. In
contrast, ORa and CSRr1 showed moderate, trait-specific responses, whereas OLa remained
relatively close to the control across most traits despite a modest increase in height.

3.4.2. Clone-Dependent Variation in Growth Traits

Clone group significantly affected most aboveground growth traits under greenhouse
conditions, including height, number of leaves, stem diameter, shoot fresh weight, shoot dry
weight, total fresh weight, and total dry weight (Welch’s ANOVA, p < 0.001). By contrast,
root fresh and dry weights did not differ significantly among clone groups (p > 0.05).

Among the three groups, P. tomentiglandulosa (PT) and P. canadensis (PC) generally
showed greater aboveground growth than P. deltoides (PD). Height was highest in PT
(153.35 & 5.13 cm), followed by PC (149.18 & 4.12 cm), whereas PD had the lowest value
(89.43 £ 2.52 cm). Both PT and PC were significantly taller than PD (p < 0.001), while
PT and PC did not differ significantly. PT also produced the highest number of leaves
(38.31 & 1.84), whereas PC showed the greatest RCD (8.20 &= 0.19 mm) and the highest total
fresh and dry weights (84.59 4 3.88 g and 24.38 + 1.22 g, respectively).

3.4.3. Strain-Clone Interaction

Significant strain x clone interactions were detected for height, stem diameter, shoot
fresh weight, shoot dry weight, root fresh weight, root dry weight, total fresh weight, and
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total dry weight (p < 0.05), whereas the interaction for number of leaves was not significant
(p > 0.05).

When treatment responses were expressed relative to the uninoculated control within
each clone, the strongest responses differed among clone-strain combinations. For
height, the largest increases were recorded in clone ‘I-476’ treated with GJRr2 (+119.0 cm),
clone '72-30' treated with GJRr2 (+112.0 cm), and clone ‘Bongwha’ treated with HNRr1
(+104.0 cm). Across clones, the highest control-relative responses were most frequently
associated with GJRr2, HNRr1, or Mix.

3.4.4. Multivariate Integration of Growth Traits

While the preceding analyses focused on individual growth traits, multivariate anal-
yses were used to evaluate integrated growth responses under greenhouse conditions.
PERMANOVA detected significant effects of strain (F = 14.59, R? =0.1624, p = 0.001), clone
(F=14.07, R2 =0.2349, p =0.001), and the strain x clone interaction (F = 1.92, R? =0.1927,
p = 0.001). Variation partitioning further showed that clone identity explained the largest
independent fraction of multivariate trait variation (Adj. R* = 0.2197), whereas strain
explained an additional independent fraction (Adj. R? = 0.1405).

To summarize treatment effects across multiple growth traits, a composite growth
index was calculated as the mean of z-transformed trait values. A linear mixed-effects
model, with clone treated as a random factor, revealed a significant main effect of strain
on the composite growth index (F = 11.80, p < 0.001). Relative to the control, the largest
positive deviations were observed for HNRr1 (estimate = 1.026, p < 0.001), followed by
Mix (0.819, p < 0.001) and GJRr2 (0.657, p < 0.001). CSRr1 (0.508, p = 0.004) and OLa (0.403,
p = 0.043) also showed positive deviations, whereas ORa did not differ significantly from
the control (0.129, p = 0.841) (Figure 4a).

(a) Strain effects (b) Clone responsiveness
! 1-476 (PC) 1 ! ——
OLad 1 —e— * 1
: Dorskamp (PC) 1 : ——
GJRr2q | —— wxx Eco28 (PC) 1 : ——
' 72-30 (PT) : —e—
HNRr1 4 ! —o— *¥x 57-240 (PD) | !
1 1
CSRr1A : —e— % Bongwha (PT) 1 : —
| Ay48 (PD) A
ORa{ h—e—i 79-1L-16 (PD) g
1 1
| 79-21-01 (PD) 1 —e—
Mixq ! —e— xxx I
! Clivus (PT) {+—@—
] ]
0.0 0.5 1.0 1.5 00 05 1.0 1.5 20
Effect on composite growth index Mean PGPR response
(relative to control) (A growth index vs control)

Figure 4. Integrated PGPR effects on poplar growth under greenhouse conditions, based on a
composite growth index calculated as the mean of z-standardized growth traits. (a) Strain effects
relative to the uninoculated control, estimated from a linear mixed-effects model with strain as a fixed
effect and clone as a random effect. (b) Clone responsiveness, expressed as the mean change (A) in
composite growth index relative to the corresponding control of each clone across PGPR treatments.
Points indicate estimates and horizontal bars represent 95% confidence intervals. The dashed vertical
line indicates no difference from the control, and asterisks denote significant differences from the
control (* p < 0.05, ** p < 0.01, ** p < 0.001).

Clone-level responsiveness also varied substantially (Figure 4b). The highest mean
PGPR responses were observed in 1-476 (PC) (A growth index = 1.60 £ 0.29), Dorskamp
(PC) (1.02 £ 0.28), and Eco28 (PC) (0.73 + 0.17), whereas Clivus (PT) showed a negative
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mean response (—0.24 £ 0.19). Among the lower-responding clones, 79-21-01 (PD) and
79-1L-16 (PD) showed only small positive deviations from their respective controls.

3.4.5. Correlations Among Major Growth Traits

Spearman correlation analysis showed that the major growth traits measured in the
greenhouse experiment were all positively associated with one another (Figure 5). In the
pooled dataset, height was positively correlated with stem diameter (p = 0.684, p < 0.001)
and total fresh weight (p = 0.734, p <0.001), and stem diameter was also positively correlated
with total fresh weight (p = 0.749, p < 0.001).

Height (cm) Stem diameter (cm) Total fresh weight (g)
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Figure 5. Spearman correlation matrix of major growth traits measured in the greenhouse experiment
at 18 weeks after planting. Height, stem diameter, and total fresh weight were positively associated in
the pooled dataset and within each clone group. Diagonal panels show trait distributions, lower pan-
els show pairwise scatterplots with fitted trend lines, and upper panels present Spearman correlation
coefficients. Colors indicate clone groups: P. canadensis (PC), P. deltoides (PD), and P. tomentiglandulosa
(PT). Asterisks indicate significance at p < 0.001.

Positive relationships were also consistently observed within each clone group. For
the correlation between height and stem diameter, the coefficients were 0.831 in PC, 0.776
in PD, and 0.783 in PT (all p < 0.001). For height and total fresh weight, the correspond-
ing coefficients were 0.896 in PC, 0.759 in PD, and 0.768 in PT (all p < 0.001). Similarly,
stem diameter and total fresh weight were positively correlated in all clone groups, with
coefficients of 0.817 in PC, 0.690 in PD, and 0.750 in PT (all p < 0.001).

3.5. Field Validation of PGPR Effects
3.5.1. Treatment Effects Under Field Conditions

Under field conditions, treatment effects were detected for height, stem diameter, shoot
fresh weight, and stem volume (Figure 6). Among the inoculated treatments, GJRr2 and
Mix showed positive effects on several structural growth traits relative to the uninoculated
control. Plant height increased by 18.5 cm in GJRr2 and by 20.3 cm in Mix (p < 0.05 for
both). DBH also increased in these two treatments, by 1.66 mm in GJRr2 and 2.58 mm in
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Mix, and both differences were significant. A similar pattern was found for stem volume,
which was higher than the control by 221.9 cm? in GJRr2 and 361.0 cm? in Mix.
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Figure 6. Effects of PGPR inoculation on growth traits of Populus cuttings under field conditions.
Boxplots show (a) plant height, (b) diameter at breast height (DBH), (c) shoot fresh weight, and
(d) stem volume measured at 20 weeks after planting. Brackets indicate significant differences
compared with the uninoculated control (Con) based on Welch’s ANOVA followed by Games-Howell
post hoc tests (* p < 0.05, ** p < 0.01, *** p < 0.001).

By contrast, ORa showed negative responses for the same traits. Compared with the
control, plant height was lower by 34.5 cm, DBH by 2.28 mm, and stem volume by 275.3 cm?
(p < 0.001 for all three traits). The remaining treatments did not differ significantly from
the control for these variables. Although fresh weight was included in the overall model,
none of the treatments showed a significant difference from the control after multiple-

comparison adjustment.

3.5.2. Comparison of Effect Sizes Between Greenhouse and Field Experiments

PGPR treatment effects were further compared between greenhouse and field exper-
iments using standardized effect sizes relative to the control (Hedges’ g) (Figure 7). The
degree of consistency between environments differed among traits and strains. For stem
diameter, positive effect sizes were observed under both conditions for GJRr2 (g = 1.27 in
the greenhouse; 0.36 in the field), HNRr1 (1.67; 0.21), and Mix (1.21; 0.60), whereas ORa
showed negative values in both environments (—0.20; —0.51). A similar pattern was found
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for stem volume, with Mix (1.38; 0.61) and GJRr2 (1.37; 0.34) remaining positive across both
environments, while ORa shifted to a negative field response (0.39; —0.61).
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Figure 7. Comparison of PGPR treatment effects between greenhouse and field experiments based on
standardized effect sizes relative to the uninoculated control (Hedges’ g). Effect sizes are shown for
(a) stem diameter, (b) shoot fresh weight, (c) height, and (d) stem volume. Each point represents one
inoculation treatment, including five single-strain treatments and the mixed inoculum (Mix). Values
of 0 on either axis indicate no difference from the control in the corresponding environment. Dashed
lines divide each panel into quadrants representing consistently positive responses (upper right),
greenhouse-specific positive responses (lower right), field-specific positive responses (upper left),
and negative responses in both environments (lower left).

Responses were less consistent for shoot fresh weight and height. For shoot fresh
weight, most strains showed positive effect sizes in the greenhouse, but field responses
were reduced or became negative for several treatments, including CSRr1 (0.94; —0.10),
HNRrl (1.19; —0.10), and ORa (0.50; —0.28). In contrast, Mix retained a positive response in
both environments (1.24; 0.34). For height, GJRr2 (1.38; 0.28) and Mix (1.36; 0.35) remained
positive in both environments, whereas ORa shifted from a positive greenhouse effect to
a negative field response (0.72; —0.52). Across environments, Mix and GJRr2 showed the
most consistently positive effect sizes, particularly for structural growth traits, whereas
shoot fresh weight responses were less consistent under field conditions.
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3.5.3. Correlations Among Major Growth Traits Under Field Conditions

Spearman correlation analysis showed that the major growth traits measured in the
open-field nursery were all positively associated with one another (Figure 8). In the pooled
dataset, height was positively correlated with DBH (p = 0.822, p < 0.001) and shoot fresh
weight (p = 0.755, p < 0.001), and DBH was also positively correlated with shoot fresh
weight (p = 0.875, p < 0.001).
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Figure 8. Spearman correlation matrix of major growth traits measured in the open-field nursery
experiment at 20 weeks after planting. Height, diameter at breast height (DBH), and shoot fresh
weight were positively associated in the pooled dataset and within each clone group. Diagonal panels
show trait distributions, lower panels show pairwise scatterplots with fitted trend lines, and upper
panels present Spearman correlation coefficients. Colors indicate clone groups: P. canadensis (PC), P.
deltoides (PD), and P. tomentiglandulosa (PT). Asterisks indicate significance at p < 0.001.

Positive relationships were also observed within each clone group. For the correlation
between height and DBH, the coefficients were 0.728 in PC, 0.777 in PD, and 0.612 in PT
(all p < 0.001). For height and shoot fresh weight, the corresponding coefficients were 0.654
in PC, 0.630 in PD, and 0.680 in PT (all p < 0.001). Similarly, DBH and shoot fresh weight
were positively correlated in all clone groups, with coefficients of 0.827 in PC, 0.801 in PD,
and 0.755 in PT (all p < 0.001).

4. Discussion
4.1. Strain-Specific Growth Responses and Functional Compatibility

The greenhouse experiment showed clear strain-dependent differences in the early
growth of poplar stem cuttings. In particular, Variovorax boronicumulans HNRr1, Priestia
aryabhattai GJRr2, and the mixed inoculum (Mix) produced relatively consistent positive
responses across height, stem diameter, and biomass-related traits. These results indicate
that growth promotion in Populus was not shared equally among all beneficial rhizobacteria,
but varied according to the characteristics of individual strains and their compatibility
with early host development [45,46]. Because successful establishment of woody cuttings
depends strongly on early rooting, shoot development, and nutrient acquisition [6,47],
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strains that function more effectively during this stage may produce stronger growth
responses [48].

HNRr1 showed the highest IAA production in vitro and performed particularly well
in stem diameter and total biomass under greenhouse conditions. This suggests that its
high IA A-producing ability may have contributed to growth promotion, but the response
cannot be attributed to IAA alone. HNRr1 did not produce the strongest response in every
trait, indicating that high in vitro IAA production was associated with some aspects of
growth promotion rather than with all plant responses. A more cautious interpretation
is that HNRr1 was more effective for specific components of early poplar establishment,
especially stem thickening and biomass accumulation [49].

GJRr2 showed a different pattern. Although its IAA production was lower than that of
HNRrl, it produced strong responses in height and leaf-related traits. GJRr2 also expressed
several in vitro traits, including phosphate solubilization, siderophore production, and
protease activity. This suggests that its growth-promoting effect was more likely associated
with multiple functions acting together rather than with one dominant trait alone [50]. In
this study, the strong height response observed in GJRr2-treated plants is therefore better
interpreted as the outcome of a broader functional profile during early establishment than
as a simple auxin-related effect [51].

The mixed inoculum also showed relatively stable positive responses across several
traits under greenhouse conditions. Compared with single-strain treatments, Mix produced
a more even response across vertical growth and stem thickening. This pattern suggests that
mixed inoculation may provide a broader functional range than a single strain [52]. Overall,
the greenhouse results show that PGPR effects in poplar cuttings were strain-specific and
differed according to how individual strains functioned during early establishment.

4.2. Decoupling of In Vitro Traits and in Planta Performance

The selected strains showed several plant growth-promoting traits in vitro, but these
traits were not directly reflected in plant growth responses. In particular, HNRr1 produced
the highest amount of IAA in vitro, yet it did not show the strongest effect for every growth
trait. This mismatch indicates that in vitro functional traits are useful for identifying
promising strains, but do not fully predict plant performance under greenhouse or field
conditions [53,54].

One likely reason is that trait expression on artificial media does not necessarily reflect
how the same function operates in the rhizosphere. Plant responses depend not only on the
presence of a bacterial trait, but also on the root environment, host physiological condition,
and the timing of plant-microbe interaction [55,56]. The present results are consistent
with this interpretation. HNRr1 showed very strong IAA production in vitro, but its in
planta effects differed among traits, suggesting that high trait intensity under laboratory
conditions does not always translate into uniformly strong plant responses.

This limitation also applies to other invitro traits. Phosphate solubilization,
siderophore production, and enzyme activity are relatively easy to detect on culture
media, but their effects in the rhizosphere may vary with carbon availability, nutrient
chemistry, microbial competition, and microsite conditions around roots [57,58]. Therefore,
a positive plate-based result should not be interpreted as direct evidence of equivalent
activity under plant-associated conditions. In the present study, GJRr2 expressed several
in vitro traits, yet its strongest in planta effects were more evident in specific traits such
as height and leaf-related responses rather than uniformly across all variables. This again
indicates that laboratory trait profiles and plant responses do not always show a one-to-one
relationship [51].
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Taken together, these results indicate that in vitro screening is useful for narrowing
down candidate strains, but it should be treated as an initial selection step rather than as a
direct predictor of plant growth outcomes. For poplar, the actual effect of a PGPR strain
still needs to be confirmed through plant-based experiments under biologically relevant
conditions [34].

4.3. Host Genetic Background and Clone-Dependent Responsiveness

One of the clearest findings of this study was the large difference in PGPR responsive-
ness among poplar clones. Even under greenhouse conditions, clone identity had a strong
effect on height, leaf number, stem diameter, and biomass-related traits, and multivariate
analysis showed that clone explained a larger independent fraction of variation than strain.
This indicates that PGPR effects in Populus depended not only on inoculant identity but
also on host genetic background [59,60].

This result is consistent with previous studies showing substantial intraspecific and
interspecific variation in growth traits and environmental responses within Populus [1,5].
Genotype-dependent differences in associated microbial communities have also been
reported in tree systems, suggesting that some host genotypes may be more responsive to
microbial inoculation than others [61]. In this context, the strong clone-dependent responses
observed in the present study are not unexpected.

In the present dataset, clones belonging to the P. canadensis group showed relatively
high integrated growth responses, whereas several P. deltoides clones showed lower respon-
siveness. However, this pattern should not be generalized too broadly at the taxonomic-
group level. Considerable variation was still present among clones within the same group,
indicating that both group-level background and individual clone identity contributed
to the observed differences [62]. It is therefore more appropriate to interpret the present
results as evidence of clone-dependent variation rather than as a fixed ranking among
taxonomic groups.

This point is important for strain selection. A strain that performs well in one clone
may not show the same level of benefit in another. Accordingly, PGPR screening for poplar
should not rely on a single host genotype. Evaluation across representative clones or
genotype groups is needed if inoculation performance is to be interpreted in a way that is
relevant for practical application [63,64].

Overall, the results show that PGPR effects in poplar were shaped by both strain
identity and host genetic background. This supports a genotype-aware approach rather
than a single-strain, single-host screening strategy [65,66].

4.4. Greenhouse—Field Differences and Environmental Constraints on PGPR Performance

When greenhouse and field results were compared, PGPR effects were generally
weaker and less consistent under field conditions. Several strains produced clear positive
responses in the greenhouse, but only a subset of these effects was retained in the field. This
pattern agrees with previous studies showing that microbial inoculation effects observed
under controlled conditions are often reduced in open environments [35,67].

A likely explanation is the greater environmental variability under field conditions.
Unlike greenhouse experiments, field environments involve continuous variation in soil
moisture, temperature, nutrient availability, and soil structure, all of which can influence
the establishment and activity of introduced strains [68,69]. In addition, introduced PGPR
must function in the presence of indigenous microbial communities already adapted to
the site. Competition for space and resources in the rhizosphere may therefore reduce the
consistency of inoculant effects [58,68]. The overall weakening of field responses observed
in this study is consistent with these constraints.
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Another notable pattern was that structural traits, especially stem diameter and stem
volume, showed more stable responses across environments than height or shoot fresh
weight. This may reflect differences in trait sensitivity. Height and fresh biomass often
respond more rapidly to short-term variation in water status or growth conditions, whereas
stem diameter and volume tend to reflect more cumulative growth over time [70,71]. In the
present study, this may explain why some positive effects remained detectable in structural
traits even when other responses became weaker or more variable in the field.

The mixed inoculum also deserves attention. Under field conditions, Mix maintained
relatively stable positive responses, particularly in stem-related traits. Compared with
single-strain treatments, this suggests that mixed inoculation may provide a broader
functional range under variable conditions [56,72]. However, because this study did not
directly measure the establishment or relative contribution of each strain within the mixture,
the mechanism behind this result cannot be determined from the present data alone.

Overall, the comparison between greenhouse and field experiments indicates that
PGPR performance in poplar was strongly influenced by environmental context. It also
suggests that stability across environments, rather than strong performance under a single
controlled condition, should be considered an important criterion when selecting candidate
inoculants for practical use.

4.5. Limitations and Future Directions

This study provides comparative evidence for strain specificity, clone dependency,
and environmental variation in PGPR responses of poplar cuttings, but several limitations
should be noted. First, the actual colonization and persistence of the inoculated strains were
not measured. As a result, it was not possible to distinguish whether weaker responses
in the field were caused by reduced survival of the inoculated strains or by reduced
functional expression after establishment. This is an important limitation when interpreting
field performance.

Second, the study focused mainly on growth traits, and physiological responses were
not measured. Accordingly, the mechanisms linking inoculation to plant performance
remain unresolved. It was not possible to determine whether observed growth differences
were more closely related to hormonal regulation, nutrient acquisition, water relations, or
other physiological processes. Third, the present experiments were limited to the early
growth stage. Whether the observed responses persist over longer periods or remain
meaningful during later nursery or field development is still unknown.

Future work should address these limitations directly. Tracking strain persistence
using qPCR, strain-specific markers, or other monitoring approaches would help clarify
whether inoculation success depends on survival, colonization stability, or both [73]. In ad-
dition, measurements of physiological traits such as chlorophyll fluorescence, gas exchange,
nutrient status, or water-use-related variables would help explain why certain strains and
clones responded more strongly than others [74]. Repeated trials across different seasons
or field conditions would also improve evaluation of environmental stability. For mixed
inoculation, further work is needed to determine whether the observed response reflects
additive effects, complementary functions, or uneven contributions among component
strains [75,76].

In summary, the present study shows that PGPR effects in poplar cannot be evaluated
adequately by in vitro screening or by testing a single host genotype under one environ-
ment. Strain identity, host clone, and growth environment all influenced the final response.
For practical application, these factors should be considered together rather than separately.
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5. Conclusions

This study showed that the growth-promoting effects of indigenous PGPR on poplar
cuttings varied according to bacterial strain, host clone, and growth environment. Under
greenhouse conditions, HNRr1, GJRr2, and the mixed inoculum (Mix) showed the most
consistent positive responses across multiple growth traits. Among them, GJRr2 produced
the greatest increase in plant height (156.0 + 9.4 cm vs. 86.1 &+ 5.6 cm in the control),
whereas HNRrl showed the highest stem diameter (9.01 £ 0.26 mm) and total fresh weight
(94.0 £ 6.0 g).

Responses were also strongly clone-dependent. Integrated analysis indicated that
clone identity explained a larger fraction of variation than strain, and relatively strong mean
responses were observed in 1-476, Dorskamp, and Eco28, whereas other clones showed
weaker or inconsistent responses. These findings indicate that PGPR performance in poplar
should not be generalized across host genotypes.

Compared with the greenhouse experiment, field responses were weaker, but some
positive effects were retained. In particular, GJRr2 and Mix maintained positive effects on
height, DBH, and stem volume, whereas ORa showed negative responses for the same
traits. Effect-size comparisons between greenhouse and field experiments further indicated
that GJRr2 and Mix were the most stable treatments across environments, especially for
structural growth traits.

Taken together, these results identify GJRr2, HNRr1, and Mix as the most promising
treatments among the strains tested, while also showing that their performance depended
on host clone and growth condition. For practical application in poplar production, in-
oculant selection should therefore consider not only strain performance under controlled
conditions but also clone-specific responsiveness and stability across environments.

Future work should prioritize confirmation of strain colonization and persistence,
physiological measurements to clarify the basis of growth responses, and longer-term field
validation across multiple clones and environments.

6. Patents

Priestia aryabhattai GJRr2 and Variovorax boronicumulans HNRrl were deposited for
patent protection (Korean Patent Application Nos. 10-2025-0154373 and 10-2025-0154366,
respectively).
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