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Abstract

This study evaluated the dose dependent effects of a nodule associated bacterial isolate subsequently
identified by whole genome sequencing as Kosakonia cowanii on nodulation, nitrogen status, growth,
phenology and yield components of common bean (Phaseolus vulgaris L. cv. Centenario) under
greenhouse conditions in northern Ecuador. A randomized complete block design with five
treatments and three replicates was used, including three inoculation doses (6x10%, 6x10+5> and 6x102-%
CFU mL™"), a non-inoculated control and a nitrogen-fertilized control. Significant differences were
detected for plant height, SPAD index, phenological development, nodulation and 100 seed weight.
The lowest inoculation dose (T3) produced the strongest biological response, reaching 227.67 nodules
plant™, approximately 6.5 times more than the non-fertilized control, and the highest SPAD value at
60 days after sowing (41.16), exceeding both the non-fertilized control (26.84) and the nitrogen-
fertilized treatment (33.14). T3 also achieved the greatest plant height (80.31 cm) and accelerated
flowering and pod formation by up to two days compared with higher inoculation doses. Although
grain yield did not differ significantly among treatments because of high experimental variability and
limited statistical power, inoculated plants-maintained yields comparable to the nitrogen fertilized
control while improving seed filling. Whole genome sequencing confirmed the identity of the
dominant genome as K. cowanii (ANI = 96.73%; completeness = 99.03%; contamination = 0.63%),
supporting the interpretation that this bacterium acts primarily as a plant growth promoting and
nodule associated bacterium rather than a classical nitrogen fixing symbiont. These findings highlight
the potential of native K. cowanii as a component of sustainable biofertilization strategies for Andean
bean production systems.

Keywords: Kosakonia cowanii; common bean; nodulation; SPAD index; biofertilization

1. Introduction

Nitrogen (N) is a primary macronutrient limiting the productivity of common bean (Phaseolus
vulgaris L.) in Andean agricultural systems, where low availability of assimilable forms restricts
vegetative growth, nodulation, and yield [1,2]. This crop is strategically important to the food security
of over 400 million people and is a major source of plant protein in both household and commercial
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contexts [3]. Although atmospheric N2 constitutes approximately 78% of the atmosphere, most plants
cannot directly utilize this form and instead rely on mineral nitrogen, specifically NHs+* and NOs-
[4,5]. To address this limitation, intensive agriculture has depended on synthetic nitrogen fertilizers;
however, frequent and excessive application increases production costs and contributes to
environmental issues such as soil acidification, leaching, and N20 emissions [6-8]. In Ecuador, beans
are extensively cultivated in inter-Andean regions, including Imbabura and Carchi. Consequently,
identifying biological alternatives for nitrogen nutrition is a priority to enhance the sustainability and
resilience of these production systems [1].

Biological nitrogen fixation (BNF) is a key strategy for Biological nitrogen fixation (BNF)
represents a key strategy to reduce reliance on mineral fertilization in legumes [9,10]. In Phaseolus
vulgaris L., symbiotic bacteria from the genera Rhizobium, Ensifer, and Bradyrhizobium induce root
nodule formation, where nitrogenase converts N2 to NH3 under microaerobic conditions regulated
by the host plant [9]. The efficiency of this symbiosis depends on multiple factors, including plant
genotype-bacterial strain compatibility, soil conditions, nutrient availability, and competition with
native microbial populations [11]. Competition from native rhizobia is particularly important, as
these organisms can displace or limit the establishment of inoculated strains, resulting in variable
agronomic outcomes across different environments and plant materials [11,12].

Consequently, the isolation and evaluation of bacteria from nodules of local legume crops to
identify microorganisms better adapted to specific agroecological conditions has been superseded by
recent studies on the nodular microbiome [13]. It is now recognized that legume nodules harbor
complex bacterial communities that include non-rhizobial nodule-associated bacteria (NAB) with the
potential to act as plant growth-promoting bacteria (PGPR) [14]. These bacteria enhance plant
performance through direct mechanisms, including the production of phytohormones, phosphate
solubilization, siderophore synthesis, and ACC deaminase activity [15]. Additionally, they exert
indirect effects on nodulation by modifying root architecture, altering the rhizosphere
microenvironment, or attenuating stress responses that affect plant-rhizobium interaction [16-18]. In
this regard, NABs do not necessarily replace nitrogen-fixing rhizobia, but they can complement their
function and increase the biological efficiency of the symbiotic system. This distinction is important
because it avoids attributing a symbiotic function to non-rhizobial bacteria that must be
demonstrated experimentally, and it allows for the formulation of more robust hypotheses regarding
biostimulation, microbial cooperation, and indirect enhancement of NFB.

Within the Enterobacteriaceae family, the genus Kosakonia has emerged as a group of plant-
associated bacteria with agronomically relevant functional attributes. Strains of Kosakonia spp.,
including Kosakonia cowanii, have demonstrated the ability to produce indoleacetic acid, solubilize
phosphate, and synthesize siderophores, which are traits associated with enhanced root growth,
nutrient uptake, and plant vigor [14]. While these characteristics do not confirm symbiotic nitrogen
fixation, they support the evaluation of Kosakonia as a complementary microorganism in
biofertilization strategies. Co-inoculation studies involving growth-promoting bacteria and rhizobia
have reported improvements in nodulation, nutrient uptake, and plant growth [18]. Additionally,
research on endophytes and nodular bacteria suggests that plant-associated Enterobacterales
contribute to soil health and crop resilience under stress conditions [15,17]. Thus, integrating native
rhizobia with NAB or PGPR offers a technically viable approach to reducing dependence on synthetic
mineral nitrogen [19,20]. This strategy is more practical than attributing the entire process to a single
microorganism, as bean productivity results from complex interactions among the host, rhizobia,
associated bacteria, and the soil environment.

In the Sierra Norte region of Ecuador, particularly in Imbabura, the bacterial diversity associated
with bean nodules is insufficiently characterized. This knowledge gap restricts the utilization of
native microorganisms with biofertilizer potential and impedes the development of inoculants
tailored to local cultivars and environments. Traditionally, nodular bacteria have been characterized
by assessing cultural and physiological traits, such as colony morphology, growth rate in selective
media, biochemical test responses, and carbon source utilization. While these methods are useful for
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preliminary identification, their limited taxonomic resolution can lead to inaccurate classifications,
especially when members of the Enterobacteriaceae exhibit phenotypic traits similar to those of
laboratory-cultured rhizobia. Identification based solely on colony morphology and biochemical tests
often leads to misclassification, particularly when Enterobacteriaceae exhibit growth phenotypes
resembling those of rhizobia in culture media [21]. Whole-genome sequencing and genomic
taxonomy, using criteria such as the Average Nucleotide Identity Index and tools like GTDB-Tk,
provide higher resolution for confirming bacterial identity and support reproducible functional
inferences [22]. Additionally, metagenomic studies of DNA extracted directly from nodules have
revealed greater bacterial diversity than conventional culture methods, underscoring the need to
integrate isolation, classical phenotypic characterization, genomic analysis, and agronomic
evaluation [23]. Accurate identification of these communities is essential for designing effective
biofertilization strategies and understanding plant-microorganism interactions that influence
nitrogen fixation efficiency [24,25]. Therefore, studies that link the genomic identity of isolates with
nodulation responses and crop physiological performance offer a more robust foundation than
isolated descriptive characterizations.

Within this context, the present study genetically identified a nodular isolate as Kosakonia cowanii
and assessed its dose-dependent effects on growth, nodulation, foliar nitrogen status, phenology, and
yield components of common bean (variety Centenario) under controlled greenhouse conditions in
the Sierra Norte region of Ecuador. The findings suggest that K. cowanii functions as a plant growth-
promoting bacterium and indirectly facilitates nodulation associated with native rhizobia, thereby
enhancing crop nitrogen status without the use of synthetic mineral nitrogen. This approach enables
the evaluation of native non-rhizobial nodule-forming bacteria as potential components of future
biofertilization strategies for Andean agroecosystems, while avoiding overestimating their biological
role or assuming direct nitrogen fixation in the absence of specific functional evidence.

2. Materials and Methods

2.1. Experimental Site and Environmental Conditions

The experiment was conducted under controlled greenhouse conditions at the Pontifical
Catholic University of Ecuador, Ibarra Campus, located in the canton of Ibarra, province of Imbabura,
Ecuador (0°21' N, 78°07" W; 2,225 m a.s.l.), between March and May 2024 (Figure 1). During the
experimental period, average temperatures ranged from 18 to 22 °C, and relative humidity ranged
from 65 to 75%.

The usable area of the greenhouse was 27.5 m2. Growing conditions were maintained through
controlled localized irrigation (1 L h-! dripper) and periodic monitoring of environmental variables.
The use of a protected environment made it possible to reduce the variability associated with external
climatic factors— particularly precipitation, temperature, and solar radiation — during the evaluation
of the crop’s growth, nodulation, and nitrogen status in response to the bacterial inoculation
treatments.
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Figure 1. Study area and location of the greenhouse facility used for the evaluation of Phaseolus vulgaris L.

inoculated with Kosakonia cowanii in Ibarra, Imbabura Province, Ecuador. (A) Location of Imbabura Province
within Ecuador; (B) location of Ibarra Canton within Imbabura Province; (C) location of the greenhouse facility

at PUCE-Ibarra; and (D) greenhouse used during the experimental period.

2.2. Plant Material

Common beans (Phaseolus vulgaris L.) of the INIAP 484 Centenario variety were used; this
variety was developed by the National Program for Legumes and Andean Grains (PRONALEG-GA)
of the National Institute of Agricultural Research (INIAP) from a cross between the AMPR5 and CAL
143 lines, which carry genetic resistance to rust (Uromyces appendiculatus), anthracnose (Colletotrichum
lindemuthianum), and angular leaf spot (Phaeoisariopsis griseola). This variety exhibits a type I erect
growth habit (determinate, bushy, unpruned), uniform maturity, and proven adaptation to the
agroecological conditions of the inter-Andean valleys of northern Ecuador, particularly in the
provinces of Imbabura and Carchi.

The seeds were obtained from local suppliers specializing in seed production and visually
selected to ensure uniformity in size, color, and physical integrity. Prior to inoculation, the seeds
underwent surface disinfection by immersion in 70% ethanol for 2 min, followed by 2% sodium
hypochlorite for 5 min and three consecutive rinses with sterile distilled water. This procedure was
performed to reduce the presence of potentially interfering surface microorganisms and to promote
a more controlled interaction between the seed and the inoculated bacterial strain.

2.3. Genomic Characterization and Taxonomic Identification of the Strain Used as Inoculum

The taxonomic identification of the native strain isolated in the Antonio Ante canton, Imbabura
province, and used as inoculum was performed via whole-genome sequencing (WGS). Genomic
DNA extraction was performed according to standard cell lysis and purification protocols, and its
quality and quantity were assessed using a Nanodrop and agarose gel electrophoresis. Paired-end
library construction was performed by mechanical fragmentation of the DNA to an average insert
size of 500 bp, followed by ligation of universal adapters. Sequencing was performed using Illumina
technology. The raw reads obtained were processed via metagenomic assembly on the KBase
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platform [26], which integrates multiple bioinformatics analysis algorithms and enables the recovery
of two high-quality metagenomically assembled genomes (MAGs) [27] (Table 1).

Assembly was performed using SPAdes (St. Petersburg Genome Assembler) in metagenomic
mode, employing a hierarchical series of k-mers (21, 31, 55, and 77 nucleotides) to optimize De Bruijn
graphs [28]. The assembly parameters used included a minimum coverage of 2x for read retention
during initial graph construction, yielding between 45 and 120 contigs with an estimated N50 of 8-
12 kb. Metagenomic binning was then performed using MetaBAT2 [29], MaxBin2 [30], and
CONCOCT [31], implemented in KBase, and the results were consolidated with the DAS Tool [32] to
automatically select the highest-quality bins.

Table 1. Taxonomic classification and quality metrics of metagenomically assembled genomes (MAGs)
recovered via WGS, analyzed using KBase, GTDB-Tk, ANI, and CheckM.

Taxonomic

Bin Classification 1?01/:])1 All:ﬁl:tr;?t Com;;(l)z;eness Contamination (%)
(GTDB-Tk)
bin.002 Kosakonia cowanii 96,73 0,927 99,03 0,63
bin.001 Providencia sp. 93,16 - 100 1,11

Note: Taxonomic identification was performed using GTDB-Tk. ANI values were calculated relative
to the reference genomes deposited in NCBI: GCF_001975225.1 (K. cowanii) and GCF_019343475.1

(Providencia sp.).

The quality of the recovered genomes was verified using CheckM (v1.0.18) [33], a standard tool
that quantifies completeness and contamination based on single-copy genes specific to each
taxonomic lineage. The taxonomic classification of the MAGs was performed using GTDB-Tk
(Genome Taxonomy Database Toolkit) [34] implemented in KBase and supplemented with Average
Nucleotide Identity (ANI) and alignment fraction analyses against reference genomes deposited in
NCBL

The genome assigned to K. cowanii (bin.002) exhibited an ANI of 96.73% relative to the reference
genome GCF_001975225.1, a value that significantly exceeds the generally accepted threshold for
taxonomic delimitation at the species level (ANI > 95%) [22,35]. The alignment fraction reached 0.927,
indicating high genomic coverage (92.7%) relative to the reference sequence. The quality metrics
obtained using CheckM were: 99.03% completeness and 0.63% contamination, confirming the
recovery of a high-quality genome suitable for subsequent functional and comparative analyses [27].

Additionally, a second genome (bin.001) classified as Providencia sp. recovered, with 100.00%
completeness and 1.11% contamination. However, the ANI for this bin was 93.16%, below the
threshold for reliable species-level assignment (ANI > 95%) [22], so its classification at the genus level
was retained. The simultaneous detection of Providencia sp. indicates the coexistence of distinct
bacterial populations in the original biological material; however, K. cowanii was the dominant
genome recovered during assembly and binning, representing the major population in the inoculum
used.

The taxonomic identity was corroborated by a phylogenetic analysis based on reference
genomes representative of the genus Kosakonia [36] (Figure 2). Furthermore, the recovered K. cowanii
genome clustered with the reference strains UFU187 and CT11-105, forming a well-supported clade
that was clearly distinct from K. radicincitans, K. oryzae, K. sacchari, K. pseudosacchari, and K.
oryzendophytica.”
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Figure 2. Phylogenetic analysis of strain A3 and its evolutionary relationship with representative species of the

genus Kosakonia.

The agreement between ANI results, genomic quality metrics, and phylogenomic reconstruction
provides robust evidence for assigning the recovered genome to the species Kosakonia cowanii. This
confirmation is significant, as several species within the genus exhibit similar phenotypic
characteristics and can be difficult to distinguish using conventional microbiological methods based
solely on cultural traits and biochemical tests. Furthermore, the close phylogenetic association
observed with previously described reference strains of K. cowanii supports the taxonomic
consistency of the assignment obtained using GTDB-Tk and ANIL The integration of genomic
taxonomy and phylogenomic analysis tools enabled validation of the microorganism'’s identity for
subsequent agronomic trials.

2.4. Selection and Preparation of the Inoculum

2.4.1. Origin and Selection of the Inoculated Strain

The strain used as inoculum was isolated from root nodules of Phaseolus vulgaris L. collected in
the canton of Antonio Ante, Imbabura Province, Ecuador [25]. The isolation was part of a collection
of native strains obtained from six cantons in the province (Antonio Ante, Ibarra, Cotacachi, Otavalo,
Urcuqui, and Pimampiro), established to identify microorganisms with plant growth-promoting
potential associated with bean cultivation.

The selection of the strain used in the present study was based on conventional microbiological
criteria, including colony morphology on YMA (Yeast Mannitol Agar) medium, differential Congo
Red staining, the ability to grow on Rhizobium Agar medium [37] without combined nitrogen, and
bacterial growth kinetics determined spectrophotometrically by optical density at 600 nm (ODew)

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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[38]. The selected strain exhibited vigorous growth and phenotypic characteristics consistent with
those of plant growth-promoting bacteria associated with legumes.

2.4.2. Preparation and Adjustment of the Inoculum

The selected strain was cultured in YMB (Yeast Mannitol Broth) [37] liquid medium at 28 °C for
72 hours, under constant orbital agitation at 150 rpm. Cell concentration was estimated by measuring
optical density at 600 nm and subsequently verified by plate counting, yielding a bacterial suspension
with an approximate concentration of 6.0 x 10° CFU mL"!, which was used as the stock culture for
preparing the different inoculation doses.

From the stock culture, three concentrations were prepared by serial dilutions in sterile saline
solution (0.9% NaCl) to evaluate the dose-dependent response of bacterial inoculation on culture
growth [1,38]:

e T1 (high dose): 6.0 x 10° CFU mL-".
e T2 (medium dose): 3.16 x 10* CFU mL.
e T3 (low dose): 1.07 x 10> CFU mL".

Seed inoculation was performed 48 hours prior to sowing, using sterile talc as an adhesive
material, at a ratio of 1 mL of bacterial suspension per 2 g of talc and 10 mL of formulation per 100 g
of seeds. The procedure was carried out at room temperature (<25 °C) under aseptic conditions [38].

Because pomina is an inert, light, and porous volcanic substrate that is abundant in the Andean
region and commonly used in Ecuador for agricultural and horticultural production [39], additional
inoculum applications were made directly to the root system at 15, 30, 45, and 60 days after sowing
(DAS) [40,41]. Since pomina was used as the substrate in the inoculated treatments, 5 mL of bacterial
suspension were applied to each bag at every application. Throughout the experimental period, the
bacterial suspensions were stored at a temperature below 4 °C to maintain their microbiological
viability [38].

2.4.3. Taxonomic Confirmation of the Strain

The taxonomic identity of the strain used as inoculum was confirmed via whole-genome
sequencing (WGS) [22]. The procedures for DNA extraction, sequencing, assembly, functional
annotation, and taxonomic classification are described in detail in subsequent sections.

2.5. Experimental Design, Treatments, and Growth Conditions

A completely randomized block design (CRBD) was used with five treatments and three
replicates, for a total of 15 experimental units [42]. The blocks were established to control potential
sources of microenvironmental variation within the experimental area, associated with differences in
light, temperature, and air circulation conditions [42]. Each block included all treatments evaluated,
and treatment assignments within each block were randomized, ensuring equal probability of
assignment for all experimental units.

The treatments evaluated included three bacterial inoculation rates, absolute control with no
inoculation or fertilization, and a control fertilized with mineral nitrogen [1,38]. A detailed
description of the treatments, inoculation rates, and substrates used is presented in Table 2.

Table 2. Description of the experimental treatments, inoculation doses, and substrates used in the cultivation of

common beans (Phaseolus vulgaris L.).

Treatment Description Substrate
High-dose inoculation (6.0 x 10° . o
T1 CFU/mL) Pomina (100%)
Medium-dose inoculation (3.16 x . o
T2 104 CFU/mL) Pomina (100%)

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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T3 Low-dose 12(;C3}i3;1§)n (1.07 x 102 Pomina (100%)
T4 Control (uninoculated, Black volcanic soil: vermicompost: Pomina
unfertilized) (50:30:20)
TS Fertilized control (100-60-60 kg ha™' Black volcanic soil: vermicompost: Pomina
N-P>05-K20) (50:30:20)

Note: CFU = colony-forming units; substrate ratios are expressed by volume (v/v/v). The inoculated
treatments (T1, T2, and T3) were established in pure volcanic pumice, consisting of material with a
particle size between 2 and 5 mm and a nitrogen content of less than 0.01%. This inert substrate
minimized interference from native microorganisms and reduced the supply of available nitrogen in
the system. The control treatments (T4 and T5), on the other hand, were established in a mixture of
black volcanic soil, vermicompost, and volcanic pumice in a 50:30:20 (v/v/v) ratio, which provided a
matrix with greater water-holding capacity, higher organic matter content, and greater nutrient

availability.

Irrigation was carried out using a drip system with 2 L h' emitters, at a flow rate of
approximately 1 L plant™ h-'. The inoculated treatments (T1-T3) and the fertilized treatment (T5)
received soluble fertigation consisting of monopotassium phosphate (MKP) and potassium sulfate
(K2SO4) in the morning, calcium oxide (CaO) at noon, and a mixture of boron (B) and magnesium
sulfate (MgSOs) in the afternoon. Only treatment T5 received mineral nitrogen in the form of
ammonium nitrate, equivalent to a dose of 100 kg ha' of N [1,40]. The treatments inoculated with the
selected strain did not receive mineral nitrogen fertilization throughout the experimental period.

The corresponding ANOVA statistical model [42] is expressed by Equation 1:

YVij=u+t+B+¢&; 1)

Where,

where Yj; is the observed response for the i-th treatment in the j-th block; u is the overall mean; ;
is the effect of the i-th treatment; B; is the effect of the j-th block; and ¢;; is the random experimental
error associated with the observation Y;;.

2.6. Agronomic and Physiological Variables Evaluated

2.6.1. Vegetative Growth Parameters

Plant height (cm) was recorded at 15, 30, 45, and 60 days after sowing (DAS), by measuring the
distance from the root collar to the main meristematic apex using a ruler graduated to 1 mm [1,43].

2.6.2. Determination of Relative Chlorophyll Content Using the SPAD Index

Relative leaf chlorophyll content was determined at 15, 30, 45, and 60 DAP using a portable
SPAD-502 meter (Soil Plant Analysis Development; Konica Minolta, Osaka, Japan). Measurements
were taken on the third fully expanded leaf from the apex of each plant, with three readings recorded
per leaf and the average value subsequently calculated for each experimental unit [44].

2.6.3. Phenology

The days to flowering and pod formation were recorded. Flowering was considered to have
occurred when 50% of the plants in each experimental unit had at least one open flower, while pod
formation was recorded when 50% of the plants had at least one visible pod [1,45].

2.6.4. Nodulation and Biomass Allocation

At 60 DAS, the plants were carefully extracted from the substrate by rinsing with running water
to preserve the integrity of the root system and nodules. Subsequently, the total number of nodules
per plant was determined by direct counting [40,43].
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Once the nodulation assessment was completed, the plants were separated into aerial (stems
and leaves) and root fractions. Both fractions were dried in a forced-air oven at 70 °C for 72 h, or until
constant weight was reached. The dry biomass of each fraction was determined using an analytical
balance with a precision of 0.001 g, and the results were expressed in g plant™ [45].

2.6.5. Yield Components and Grain Yield

At the crop’s physiological maturity, the main yield components were evaluated, including the
number of pods per plant by direct counting, the number of grains per pod by manually counting
the grains present in 10 pods randomly selected per experimental unit, and the weight of 100 seeds
(g), determined after drying the grain to a moisture content of 12% [1,45].

Grain yield was estimated based on the total weight of grain harvested per experimental unit
and subsequently extrapolated to one hectare using the plant density established in the trial,
according to Equation 2 [45].

GWEU X PD
~ " NPEU @
Where,

GY = Grain yield (kg ha)
GWEU = Grain weight harvested per experimental unit (kg)
PD = Plant density (plants ha™)

NPEU = Number of plants per experimental unit

2.7. Whole-Genome Sequencing and Analysis

Genomic DNA extraction, paired-end library construction, and sequencing were performed
using Illumina technology.

Assembly quality was evaluated using standard comparative genomics parameters, including
the number of contigs, the N50 statistic, and completeness estimated with BUSCO [46]. Functional
annotation of the assembled genome was performed using the RAST (Rapid Annotation using
Subsystem Technology) platform, identifying coding sequences (CDS), tRNA and rRNA genes, as
well as associated functional categories [47].

Taxonomic classification was performed using GTDB-Tk implemented on the KBase platform
[34]. The quality of the recovered genomes was verified with CheckM [33]. The taxonomic identity of
the strain was confirmed by calculating the Average Nucleotide Identity (ANI) index, using genomes
deposited in NCBI as references [22,35]

Additionally, a targeted search for genes related to symbiosis and plant growth promotion was
performed using BLAST, including genes for nodulation (nodA, nodB, and nodC), biological nitrogen
fixation (nifH, nifD, and nifK), indoleacetic acid synthesis (ipdC), phosphate solubilization (pgq),
siderophore production, and ACC deaminase activity (acdS). The genome accession number will be
assigned once the GenBank deposit process is complete [14,18,21,48].

2.8. Statistical Analysis

The data obtained for the agronomic, physiological, and yield variables were analyzed using R
software version 4.5.2 (R Core Team, Vienna, Austria) via the RStudio Desktop interface [49]. Prior
to analysis, the assumptions of normality of the residuals were verified using the Shapiro-Wilk test
and of homogeneity of variances using Levene’s test.

The evaluated variables were analyzed using analysis of variance (ANOVA) under a
Randomized Complete Block Design (RCBD), with treatments as a fixed effect and blocks as a
random effect. When significant differences were detected between treatments (p < 0.05), means were
compared using Tukey’s (HSD) test at a 5% significance level.

To explore the relationships among agronomic, physiological, and yield variables, a Pearson
correlation analysis was performed. The correlation coefficients were represented using a correlation
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matrix and interpreted according to their magnitude and direction, with values of p <0.05 considered
significant.

Additionally, a principal component analysis (PCA) was performed using the individual
observations from the experimental units to reduce the dimensionality of the data and describe the
multivariate structure of the crop response. Previously, the variables were standardized (mean = 0;
standard deviation = 1) to avoid effects associated with differences in scale. The results were
represented using biplot diagrams and interpreted based on the contributions of the variables to the
principal components and the proportion of variance explained by each component.

The graphical representations and multivariate analyses were performed using specialized
packages in the R environment, including ggplot2 for data visualization, corrplot for correlation
matrices, and FactoMineR together with factoextra for the analysis and interpretation of principal
components. In all cases, a significance level of o = 0.05 was adopted.

3. Results

3.1. Overall Effect of Treatments on Agronomic and Physiological Variables

Analysis of variance revealed that inoculation with Kosakonia cowanii produced differential
responses in the evaluated agronomic and physiological variables (Table 3). Highly significant effects
were detected on plant height at 60 DAS (F = 23.17; p < 0.001), the SPAD index (F = 61.34; p <0.001),
the number of nodules at 60 DAS (F =361.00; p <0.001), and the 100-seed weight (F =16.47; p <0.001).

Likewise, significant differences were observed in days to flowering (F = 4.49; p = 0.025), days to
pod formation (F = 4.54; p = 0.024), and dry root mass (F = 4.58; p = 0.023). In contrast, dry leaf mass,
the number of pods per plant, the number of seeds per pod, and seed yield did not show statistically
significant differences among treatments (p > 0.05).

The magnitude of the response varied considerably among the variables evaluated. The number
of nodules was the attribute most sensitive to inoculation with K. cowanii (F = 361.00; p < 0.001),
followed by the SPAD index (F = 61.34; p < 0.001) and plant height (F = 23.17; p <0.001) (Table 3). In
biological terms, these differences resulted in increases of up to 6.4-fold in nodulation, 53.4% in the
SPAD index, and 27.4% in plant height compared to the absolute control, indicating that inoculation
primarily affected processes associated with nitrogen acquisition and vegetative growth.

Overall, the results indicate that inoculation with K. cowanii primarily influenced processes
associated with nodulation, foliar nitrogen status, and vegetative growth, while variables directly
related to final productivity showed a more limited response under the experimental conditions
evaluated.

Table 3. Results of the analysis of variance for the agronomic, physiological, and yield variables evaluated in

Phaseolus vulgaris L. inoculated with different doses of Kosakonia cowanii.

Variable F p-valor Significance
Plant height (60 days after sowing) 23.17 <0.001 ot
SPAD index (60 days after sowing) 61.34 <0.001 o
Days to flowering 4.49 0.025 *
Days to pod formation 4.54 0.024 *
Number of nodu?es (60 days after 361.00 <0.001 .
sowing)
Dry leaf weight 1.44 0.290 ns
Dry root weight 4.58 0.023 *
Pods per plant 0.59 0.681 ns
Seeds per pod 0.79 0.560 ns
100-seed weight 16.47 <0.001 ok
Grain yield 0.66 0.635 ns
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Note: DAS = days after sowing. ns = not significant (p > 0.05); * p < 0.05; ** p <0.01; *** p <0.001. Plant
height, SPAD index, and number of nodules were assessed at 60 DAS.

3.2. Vegetative Response and Nitrogen Status

Inoculation with Kosakonia cowanii promoted vegetative growth and improved the nitrogen
status of Phaseolus vulgaris L. plants evaluated at 60 DAS (Table 4). The inoculated treatments
exhibited higher values for plant height and SPAD index than the control.

Plant height showed a positive response to bacterial inoculation. Treatment T3 recorded the
highest average height (54.20 + SE cm), followed by T2 and T1, while T4 and T5 had the lowest values.
The observed differences were consistent with the pattern detected in the analysis of variance and
indicated greater vegetative growth in the inoculated plants.

Similarly, the SPAD index showed the highest values in the inoculated treatments. T3 reached
an average value of 39.97 + SD, followed by T2 (38.40 + SD) and T1 (36.57 + SD), while the control
treatments recorded significantly lower values. This behavior indicates greater leaf greenness and
suggests an improvement in the plants’ nitrogen nutritional status associated with inoculation with
K. cowani.

The results demonstrate that bacterial inoculation favored both vegetative growth and the
physiological status of the crop in the advanced stages of development.

The combined response of plant height and the SPAD index suggests that the effects of
inoculation were not limited to an increase in vegetative growth but were associated with an
improvement in the physiological and nutritional status of the plants. Treatment T3 exhibited the
highest values for plant height (80.31 cm) and SPAD index (41.16), exceeding the absolute control by
27.4% and 53.4%, respectively. These results indicate a greater capacity for nitrogen uptake and
utilization during crop development and are consistent with the high nodulation subsequently
observed in the inoculated treatments.

Table 4. Effect of treatments on agronomic, physiological, and yield variables of Phaseolus vulgaris L. inoculated

with different doses of Kosakonia cowanii.

Variable T1 T2 T3 T4 T5
Plant height (cm) 77.36+244a 77.60+231a 80.31+025a 63.06+284b 76.76+3.28a
SPAD index 39.07+146a 3833+1.66a 41.16+034a 26.84+155c 33.14+0.87b
Days to flowering 43.33+0.55ab 43.87+040a 4257+021b 44.03+031a 43.50+0.70 ab

Daystopod 101040702 48.03+051ab 4633+031b 48.03+0.31 ab 47.001.15 ab
formation
Number of nodules 124.67 +9.45¢173.33+4.73b 22767 +643a 3542+1.01d 36.50+11.96d
Dry leaf mass (g)* ~ 7.09+2.66 538049  4.75+1.36 5504072  6.68+0.40

Dry rootmass (g) 9.88+134ab 7.77+245ab 4.55+1.75b 13.28+5.08a 1249+221a
Pods per plant* 13.67+0.38 14.44+1.39 16.08 +1.76 12.86 + 4.86 14.44 +2.78
Seeds per pod* 3.93£0.06 3.81+£0.17 3.49+0.34 4.24+0.87 3.67+£0.78

100-seed weight (g) 67.33+231a 6533+1.15a 63.33+3.06a 54.67+231b 62.00+0.00a
1170.37 £ 1185.19 =

. v
Yield (kg ha™) 44 44 51.30 1190.12 £ 81.59 1071.60 + 278.871254.32 + 98.64

Note: Values are expressed as mean + standard deviation (n = 3). Different letters within the same row

indicate significant differences between treatments according to Tukey’s HSD test (p <0.05). Variables
without letters did not show significant differences in the ANOVA. T1 = high-dose inoculation (6.0 x
10° CFU mL™); T2 = inoculation at medium dose (3.16 x 10* CFU mL™"); T3 = inoculation at low dose
(1.07 x 102 CFU mL); T4 = absolute control without inoculation or fertilization; T5 = control fertilized

with mineral N.
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3.3. Crop Phenology

The treatments evaluated produced significant differences in the crop’s phenological dynamics,
affecting both the time to flowering and pod formation (Table 4). The earliest response was observed
with treatment T3, which reached flowering at 42.57 + 0.21 days, while the absolute control (T4)
required 44.03 + 0.31 days to reach the same stage. This difference represents an approximate 3.3%
reduction in time to flowering.

A similar pattern was observed in pod formation. Treatment T3 reached this stage at 46.33 + 0.31
days, while T1, T2, and T4 recorded values close to 48 days. Compared to T1, treatment T3 reduced
the time to pod formation by approximately 1.77 days, equivalent to a 3.7% decrease.

Although the observed time differences were relatively small in absolute terms, the consistency
of the pattern across both variables suggests that bacterial inoculation influenced the crop’s
development rate. In particular, the low dose of Kosakonia cowanii (T3) promoted an earlier transition
to the reproductive phases, which coincided with the higher SPAD index and vegetative growth
values observed previously. These results indicate that the interaction between the inoculated
bacterium and the host plant may have favored physiological processes associated with nitrogen
acquisition and utilization in the early stages of development.

3.4. Nodulation and Biomass Accumulation

Inoculation with Kosakonia cowanii produced significant effects on nodulation and root biomass
of the crop, while above-ground biomass showed no statistically significant differences among
treatments (Table 4). The magnitude of the response observed in the number of nodules can be clearly
seen in Figure 3, where the inoculated treatments showed substantial increases compared to the

controls.
a
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Figure 3. Effect of different inoculation doses of Kosakonia cowanii on nodule formation in Phaseolus vulgaris L. at
60 days after planting (DAS).

The number of nodules was the variable that showed the greatest response to bacterial
inoculation. Treatment T3 registered the highest average nodulation, with 227.67 + 6.43 nodules per
plant, followed by T2 (173.33 + 4.73 nodules) and T1 (124.67 + 9.45 nodules). In contrast, the control
treatments T4 and T5 registered only 35.42 + 1.01 and 36.50 + 11.96 nodules per plant, respectively. In
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relative terms, T3 increased nodulation by approximately 543% compared to the untreated control
and by 524% compared to the fertilized treatment.

Furthermore, the differences observed among the inoculated treatments demonstrate that the
inoculum concentration significantly influenced the nodulation response. Although the observed
pattern did not show a positive linear relationship between bacterial concentration and the number
of nodules, the clear statistical separation between T1, T2, and T3 indicates that the applied cell
density substantially modified the magnitude of the crop’s biological response. These results suggest
that nodulation efficiency was associated not only with the presence of the microorganism but also
with the inoculum concentration used during inoculation.

The observed response showed a clear inverse dose-dependent relationship, in which the lowest
bacterial concentration evaluated (T3) was associated with the greatest nodule formation.
Additionally, the three inoculated treatments formed statistically distinct groups, indicating that
small variations in inoculum concentration were sufficient to significantly modify the plants’
nodulation capacity.

Dry root mass also showed significant differences among the treatments. The highest values
were recorded in the control treatments T4 (13.28 + 5.08 g) and T5 (12.49 + 2.21 g), while T3 showed
the lowest root biomass (4.55 + 1.75 g).

Treatments T1 and T2 showed intermediate values and were not statistically different from the
extreme groups. This suggests that greater nodule formation was not necessarily associated with a
proportional increase in total root biomass.

Conversely, dry leaf mass did not show significant differences between treatments (p > 0.05),
although the inoculated and fertilized treatments showed a tendency to have higher values than the
untreated control. The absence of statistical differences indicates that the effect of inoculation was
mainly manifested at the level of symbiotic processes and root development, rather than in the
accumulation of shoot biomass during the evaluation period.

Overall, the results demonstrate that inoculation with K. cowanii substantially modified the
crop’s nodulation capacity, with the low dose (T3) promoting the most intense symbiotic response.
The high magnitude of the effect observed in this variable constitutes one of the strongest pieces of
evidence for the biological potential of the evaluated strain to establish beneficial associations with
Phaseolus vulgaris.

3.5. Yield Components and Grain Yield

The evaluated treatments produced differentiated responses in some yield components,
although these variations did not always translate into significant changes in the final crop
productivity (Table 4).

The number of pods per plant did not show significant differences between treatments (p > 0.05),
with values ranging from 12.86 to 16.08 pods per plant. Similarly, the number of grains per pod
ranged from 3.49 to 4.24 grains, with no statistically significant differences attributable to the
inoculation or fertilization treatments.

In contrast, the weight of 100 grains showed significant differences among treatments. The
highest values were recorded in T1 (67.33 + 2.31 g), T2 (65.33 + 1.15 g), T3 (63.33 + 3.06 g), and T5
(62.00 = 0.00 g), which formed the statistically superior group. Conversely, the control T4 presented
the lowest weight (100 grains; 54.67 + 2.31 g) and differed significantly from the other treatments.

Despite the differences observed in individual grain weight, grain yield did not show significant
differences among treatments (p > 0.05). Values ranged from 1071.60 to 1254.32 kg ha"!, with T5
having the highest average yield and T4 the lowest. However, the high variability observed between
repetitions prevented the detection of statistically significant differences in this variable.

In agronomic terms, the results suggest that inoculation with Kosakonia cowanii favored some
attributes associated with the physical quality of the grain, particularly its individual weight, but
these effects were not sufficient to significantly modify the final crop productivity under the
evaluated experimental conditions. This response contrasts with the marked influence observed on
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nodulation and nitrogen status, indicating that the physiological benefits derived from inoculation
do not necessarily translate into immediate increases in grain yield.

Although no significant differences in final yield were detected (p > 0.05), the inoculated
treatments maintained yields comparable to those of the treatment fertilized with mineral nitrogen.
Specifically, T3 reached 1190.12 kg ha™, equivalent to 94.9% of the yield obtained in T5 (1254.32 kg
ha™), despite not receiving mineral nitrogen fertilization. This result suggests that inoculation with
Kosakonia cowanii allowed for maintaining production levels like those achieved with conventional
nitrogen fertilization.

3.6. Relationships Between Agronomic, Physiological, and Productive Variables

Pearson correlation analysis revealed significant associations between variables related to
vegetative growth, nitrogen status, nodulation, and crop yield (Figure 4).

Days to flowering

Root dry biomass

Seeds per pod

Shoot dry biomass |
Corr

! | £
Grain yield -
05

0.0

_
=110

Pods per plant

SPAD index at 60 DAS

Plant height at 60 DAS

100-seed weight

Number of nodules at 60 DAS

Figure 4. Pearson correlation matrix among agronomic, physiological and yield-related variables of Phaseolus

vulgaris L. inoculated with Kosakonia cowanii.

The strongest positive correlations were observed between plant height and the number of
nodules (r = 0.81; p < 0.01), as well as between the number of nodules and the SPAD index (r = 0.76;
p < 0.01). Plant height also showed a positive association with the SPAD index (r = 0.72; p < 0.01).
These results suggest that greater symbiotic activity was closely related to improved nitrogen status
in the plants and greater vegetative growth.

Reproductive dynamics also showed significant associations. Days to flowering were positively
correlated with days to pod formation (r=0.88; p <0.01), indicating that plants that delayed flowering
also tended to delay the formation of subsequent reproductive structures.
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Among the production variables, the SPAD index showed a significant positive correlation with
100-grain weight (r = 0.69; p < 0.01), suggesting that better nutritional status was associated with
greater biomass accumulation in the grain. Similarly, yield was positively correlated with plant
height (r = 0.68; p < 0.01), the SPAD index (r = 0.70; p < 0.01), leaf mass (r = 0.63; p < 0.05), and the
number of pods per plant (r = 0.71; p <0.01), demonstrating the combined contribution of vegetative
growth and yield components to the final crop productivity.

The most significant negative correlations were observed between the number of nodules and
root mass (r = -0.64; p < 0.05), as well as between the number of pods per plant and the number of
grains per pod (r =-0.73; p < 0.01). This behavior suggests possible physiological trade-offs between
the formation of symbiotic structures, root growth, and the allocation of resources to reproductive
components.

Overall, the correlation matrix indicates that nodulation and nitrogen status were the main
factors associated with vegetative growth of the crop, while variables related to plant vigor showed
a closer relationship with yield than nodulation.

3.7. Multivariate Integration of Agronomic, Physiological and Productive Variables

Principal component analysis (PCA) allowed for the synthesis of the joint variability of the
agronomic, physiological, and productive variables evaluated in Phaseolus vulgaris L.

The first two principal components explained 62.64% of the total observed variability, with
contributions of 44.10% for principal component 1 (PC1) and 18.54% for principal component 2 (PC2),
indicating an adequate representation of the multivariate structure of the data in a two-dimensional

space (Figure 5).
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Figure 5. Principal component analysis of the agronomic, physiological, and productive variables of Phaseolus

vulgaris L. inoculated with different doses of Kosakonia cowanii.

PC1 was primarily associated with plant height (0.408), the SPAD index (0.410), the number of
nodules (0.380), and the weight of 100 grains (0.341), while days to flowering (-0.310) and days to pod
formation (-0.220) showed negative correlations. This configuration indicates that the main gradient
of variation in the experiment was related to vegetative vigor, nitrogen status, and the intensity of
symbiosis, which were inversely associated with the duration of phenological stages. In agronomic
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terms, plants with greater nodulation tended to exhibit higher SPAD values, greater vegetative
growth, and an earlier transition to reproductive phases.

Principal component 2 (PC2) was dominated by negative loadings associated with yield (-0.506),
number of pods per plant (-0.423), and root mass (-0.402), while the number of grains per pod showed
a positive loading (0.386). This component represented a second independent dimension of variation,
related to the crop’s reproductive components and the distribution of resources among the different
vegetative and reproductive structures.

The third principal component (PC3), which explained 12.57% of the total variability, was
mainly defined by leaf mass (0.610), number of grains per pod (0.418), and 100-grain weight (0.318),
indicating the existence of an additional dimension associated with aboveground biomass
accumulation and grain filling. However, its contribution was considerably smaller than that
observed in the first two components.

The arrangement of variables in the biplot (Figure 6) showed a close association between plant
height, the SPAD index, and the number of nodules, demonstrating that these variables formed a
single functional response axis. This pattern coincides with the results of the Pearson correlation
analysis, which revealed significant positive associations between these variables. Similarly, the 100-
grain weight was located near this group of variables, suggesting that better plant physiological
condition was associated with greater biomass accumulation in the grain.

Conversely, flowering and pod formation days were located in opposite directions in the
multivariate space, reflecting their inverse relationship with vegetative growth and nodulation.
Likewise, root mass deviated from the axis defined by the nodules, reinforcing the previously
observed negative correlation between these two variables.

The PCA indicated that the main source of biological variation in the experiment was due to the
interaction between nodulation, nitrogen status, and vegetative growth, while variables directly
related to yield constituted a secondary dimension of variation. These results suggest that inoculation
with Kosakonia cowanii primarily modified physiological and symbiotic processes associated with
nitrogen nutrition in plants, which subsequently influenced some yield components, although they
did not result in significant increases in final crop productivity under the evaluated conditions.

4. Discussion

4.1. Genomic Characterization and Taxonomic Identification of Kosakonia cowanii

A variety of genomic approaches, including whole-genome sequencing, ANI analysis, GTDB-
Tk classification, and quality control, were employed to identify the inoculant strain as Kosakonia
cowanii. The ANI value (96.73%) exceeded the accepted species threshold for prokaryotes (>95%).
Similarly, the genome also showed high integrity (99.03%) and low contamination (0.63%),
supporting its reliability. These results provide the necessary confidence to link the observed
agronomic effects to a well-defined taxon, reducing the uncertainty that arises from relying solely on
phenotypic or biochemical tests [22]. This is important because traditional methods often misidentify
nodule-associated bacteria, especially when Enterobacteriaceae resemble rhizobia on selective media
[21,50]. These metagenomic approaches provide consistent taxonomic results through the use of tools
like GTDB-Tk and AN, as they help link genomic identity with functional traits [22,34].

Whole-genome sequencing also revealed that the recovered genome did not contain typical
symbiotic nodulation genes (n0dA, nodB, nodC) or rhizobial nitrogenase genes (nifH, nifD, nifK). This
shifts the focus from classical rhizobial symbiosis to a nodule-associated bacteria (NAB) model with
potential as plant growth-promoting rhizobacteria (PGPR) [14,19,50]. This finding opens new
avenues for research into biofertilization in Andean agroecosystems.

Having a high-quality MAG of K. cowanii from the Ecuadorian Andes provides a robust genomic
reference. It allows for the identification of functional genes using BLAST with databases such as
RhizoGene and KEGG, and for comparing the genome with other Kosakonia strains to understand
how PGPR genes are conserved and to study how these microorganisms adapt to local

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202606.1118.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 June 2026 d0i:10.20944/preprints202606.1118.v1

17 of 25

agroecosystems. This comprehensive genomic approach is a step forward from previous studies of
legume NAB, which primarily focused on function without strong genomic evidence.

4.2. Dose-Dependent Effects on Symbiotic Performance and Nitrogen Status

The interpretation of the observed dose-response effects requires considering that the three
concentrations evaluated (T1: ~10° CFU mL; T2: ~10* CFU mL; T3: ~102 CFU mL-") represent levels
separated by multiple orders of magnitude on a logarithmic scale, an approach widely used in
bacterial inoculant evaluation studies, as it allows the detection of biological responses associated
with substantial changes in cell density [12,51,52]. Consequently, the results obtained should be
interpreted as responses to different ecological thresholds of bacterial establishment, rather than as
gradual increases within a linear concentration continuum.

This logarithmic structure is particularly relevant when evaluating non-rhizobial nodular
bacteria with PGPR potential, whose effectiveness may be modulated by density-dependence
phenomena [41] and by complex interactions with native rhizobia populations present in the system.
Native rhizobia populations can displace or limit the establishment of inoculated strains, leading to
variable agronomic responses in different soil environments and plant materials [41]. In this context,
systematically varying the inoculant density allows for more precise identification of the optimal
concentration to maximize symbiotic and indirect benefits without incurring excessive competitive
costs or inhibiting native rhizobia populations. Furthermore, this logarithmic design structure reflects
the reality of differential bacterial survival on inert substrates: as the initial concentration decreases,
selection pressure and bacterial establishment dynamics change qualitatively, not just quantitatively
[43].

The superior performance of T3 (low dose) in nodulation (227.67 + 6.43 nodules, a 543% increase
compared to T4) and SPAD index (41.16 + 0.34, higher than the fertilized control T5: 33.14 + 0.87)
provides evidence that there is an optimal bacterial density for symbiotic efficiency in Phaseolus
vulgaris var. Centenario under greenhouse conditions. Excessive concentrations (T1: 6x10° CFU mL")
can generate: (i) intraspecific competition for limited infection sites in the root tissue, which reduces
net infectivity; or (ii) premature activation of autoregulation of nodulation (AON), a molecular
mechanism by which the plant limits nodule formation in response to signals of high symbiotic load
[41,43]. These phenomena of symbiotic overload were documented in previous meta-analyses that
evaluated the responses of various legumes to varying doses of rhizobial inoculants under pot
conditions.

This distinction is also relevant for extrapolation to field conditions, where inoculum density is
constantly affected by multiple factors: (i) survival in soil, determined by pH, moisture, and
competing microbial activity; (ii) competition with native rhizobia, whose population sizes can be
several orders of magnitude larger than those of the inoculated strain [53]; and (iii) degradation by
abiotic factors (UV radiation, osmotic stress, temperature changes) [40]. Therefore, identifying an
optimal dose under controlled conditions provides a quantitative reference for inoculant formulation
that, although requiring subsequent adjustments in the field, offers greater accuracy than simply
assessing the presence/absence of the bacteria.

4.3. Biomass Allocation Patterns and Carbon Cost of Nodulation

The observed relationship between high nodulation and lower aboveground biomass
accumulation in the inoculated treatments suggests a differential redistribution of resources during
crop growth. Treatment T3, which exhibited the highest number of nodules (227.67 + 6.43 per plant),
simultaneously showed lower aboveground dry biomass (4.55 + 1.75 g) than T1 (9.88 + 1.34 g).
Although this association does not necessarily imply a direct causal relationship, it is consistent with
the metabolic cost associated with maintaining active nodular structures, which constitute important
carbon sinks within the plant-microorganism system [51].

In legumes, the formation and maintenance of functional nodules requires a considerable
investment of photoassimilates to sustain the metabolic processes associated with biological nitrogen
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fixation by symbiotic microorganisms present in the nodule [51]. In this context, the lower biomass
accumulation observed in T3 could reflect a preferential allocation of carbon to structures and
processes related to biological nitrogen acquisition, rather than to the production of vegetative tissue.
This interpretation is consistent with the higher SPAD values recorded in this treatment and with the
high nodulation observed during the crop cycle.

On the other hand, the greater root biomass observed in the control treatments T4 (13.28 + 5.08
g) and T5 (12.49 £ 2.21 g), accompanied by significantly lower nodulation, can be interpreted as an
alternative strategy for nutrient acquisition. According to the theory of nitrogen economy in plants
[52], the allocation of biomass to roots and specialized nitrogen-acquisition structures responds to the
availability of the resource and the efficiency of uptake mechanisms. In the absence of effective
nodulation, plants can increase investment in root growth to expand the volume of substrate
exploration and compensate for nutritional limitations.

It is particularly relevant that, despite the lower aboveground biomass observed in T3, this
treatment maintained a grain yield comparable to that of the treatment fertilized with mineral
nitrogen. This behavior suggests that the physiological efficiency of the crop did not depend
exclusively on biomass accumulation, but also on the ability to use available resources more
efficiently and to maintain an adequate nitrogen status during critical stages of reproductive
development. Taken together, these results support the hypothesis that inoculation favored a
functional reallocation of resources rather than simply an increase in vegetative growth.

4.4. Yield Component Response

The most relevant finding regarding yield components was the highly significant response of
100-grain weight to the inoculation dose (p = 0.0011), with T1 exceeding the untreated control T4 by
12.666 g (67.333 g vs. 54.667 g; a 23.2% difference). This component, determined primarily during the
active grain-filling period when the demand for nitrogen for storage protein synthesis is at its peak
[20], suggests that the sustained nitrogen status during the reproductive phase in inoculated
treatments provided a continuous supply of available nitrogen, even when mineral nitrogen in T5
proved insufficient.

This interpretation is reinforced by higher SPAD values in T3 (41.16 + 0.34) than in fertilized T5
(33.14 £ 0.87) at the end of the cycle, indicating a better late foliar nitrogen status in inoculated plants,
a favorable physiological condition for N transport to the grains during leaf senescence [44].

The absence of significant differences in pods per plant (p > 0.05) and grains per pod (p > 0.05)
is consistent with the literature on the determination of reproductive structures in beans, where these
components are mostly defined during flowering and fruit set, stages in which N availability may be
less limiting in the short term than during prolonged grain filling [45]. Furthermore, the high
coefficients of variation (CV: 54.51% and 44.95%) limit the statistical power of the design [42].

Regarding final grain yield, although T5 showed a higher numerical value (1254.32 + 98.64 kg
ha) than T3 (1190.12 + 81.59 kg ha™), Tukey’s test did not detect statistically significant differences
(p > 0.05). This equivalence is particularly relevant because T3 achieved a comparable yield without
mineral nitrogen application, representing an estimated reduction of 100 kg ha' of fertilizer nitrogen
with the corresponding economic and environmental implications [1,40].

Conversely, T4 (absolute control) recorded the lowest yield (1071.60 + 278.87 kg ha™), with a
considerably high standard deviation (SD = 278.87 kg ha'), which significantly contributed to the
absence of statistical differences between treatments. This high variability is attributed to the fact that
T4 was established in a substrate with organic matter (black volcanic soil: vermicompost: pumice,
50:30:20), which provides endogenous mineralizable nitrogen estimated at 30-80 kg N ha! [52], a
contribution that was neither directly measured nor controlled. In the context of n = 3 replicates, the
observed variance probably reflects differences in substrate mineralization between replicates rather
than a reproducible biological effect of the treatment.
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4.5. Functional Genomics and Mechanisms of Action of Kosakonia cowanii as a Nodular-Associated Plant
Growth-Promoting Bacteria

Genomic confirmation using WGS allowed for a reinterpretation of the observed effects from a
more precise and well-founded mechanistic framework. Genomic annotation analysis performed
with RASTtk identified 4325 coding features distributed across 28 contigs (total genome size:
4,772,679 nucleotides; GC content: 56.1%), enabling a comprehensive functional characterization of
the underlying biological mechanisms. Targeted analysis confirmed the absence of canonical
symbiotic nodulation genes (nodA, nodB, nodC) and structural rhizobial nitrogenase genes (nifH, nifD,
nifK), as well as nitrogenase regulators (nifA, nifL) [. This deficiency explicitly rules out K. cowanii as
a symbiotic nitrogen fixer in the classical sense, confirming its classification as a nodular-associated
bacterium (NAB) with a PGPR profile, rather than a classical Rhizobium or Bradyrhizobium-type
symbiont. The K. cowanii genome reveals multiple pathways for biostimulation and modulation of
the rhizosphere environment: (i) Hormone synthesis and growth regulation; synthesis of indoleacetic
acid (IAA) via indolepyruvate, a plant growth regulator that stimulates root proliferation [14,50];
absence of acdS (ACC deaminase): limitation of ethylene degradation, suggesting that stimulation is
primarily by IAA and not by the reduction of ethylene-mediated stress. (ii) Phosphate solubilization
and mineral availability, indicating a limited but functional capacity for P mobilization and for the
assimilation and recycling of ammonium from the soil. (iii) Competition for micronutrient resources:
ABC siderophore transport genes and iron acquisition genes that favor rhizosphere colonization. (iv)
Hydrogen metabolism and energy recycling. This capacity suggests a potential for recycling H
produced by symbiotic rhizobia, which indirectly enhances the efficiency of symbiotic fixation
through energy recovery. (v) Secondary metabolic pathways: citrate ligases, involved in the
regulation of secondary metabolism and in the possible production of antimicrobial or quorum-
sensing metabolites.

This suggests certain inferred biological mechanisms, such as (i) complex hormonal and
nutritional biostimulation: the presence of ipdC allows the synthesis of IAA, which stimulates root
proliferation, creating a larger contact surface for colonization by native rhizobia. In parallel, the
mobilization of phosphate (pqq) and siderophores improves the plant’s nutritional status, reducing
the overall stress that enhances symbiosis [51,52]. (ii) Indirect facilitation of nodulation and
enhancement of endogenous symbiosis: modulation of the rhizospheric microenvironment by
secondary metabolites (citrate ligases, possible quorum sensing molecules) favors the selective
establishment of native rhizobia present in the soil-root system. Hz recycling by [NiFe]-hydrogenase
improves the energy efficiency of symbiotic fixation, reducing the energy required for rhizobia to
maintain active symbiosis [19]. (iii) Multipathway synergy: The combination of hormonal
biostimulation (ipdC), nutritional enhancement (pqqD/E, siderophores), H: recycling ([NiFe]-
hydrogenase), and metabolic modulation (secondary metabolites) act synergistically to enhance
endogenous rhizobial symbiosis, explaining the high nodulation, superior SPAD, and performance
comparable to N fertilization without mineral N input in T3.

This comprehensive genomic characterization clearly distinguishes between: (a) classical
rhizobia (possessing n0odA/B/C and nifH/D/K), which fix N symbiotically, and (b) K. cowanii as an
indirect facilitator, whose role is to enhance the effectiveness of endogenous symbiosis.

The experimentally observed indicators —massive nodulation (nodules per plant T3: 42.38 + 4.62
vs. T4: 15.38 £ 5.76), elevated SPAD (T3: 41.16 + 0.34 at the end of the cycle), and yield comparable to
that of N fertilization (T3: 1190.12 + 81.59 kg ha! vs. T5 fertilized: 1254.32 + 98.64 kg ha™, with no
significant differences, p > 0.05) —are more consistent with symbiosis facilitation than with direct N
fixation.

This comprehensive genomic perspective represents a methodological and conceptual
innovation compared to previous studies on NAB in legumes, whose approach was generally limited
to functional characterization without rigorous genomic anchoring. The integration of genomic
annotation data (RASTtk, 4325 features) with agronomic phenotypes allows for the formulation of
precise mechanistic hypotheses, avoiding the overestimation of the direct role of K. cowanii in

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202606.1118.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 June 2026 d0i:10.20944/preprints202606.1118.v1

20 of 25

nitrogen nutrition, and opens the possibility of multicomponent facilitation models of the legume-
rhizobium symbiosis.

4.6. Implications for Sustainable Biofertilization in Andean Agroecosystems

The results provide preliminary evidence consistent with the hypothesis that inoculation with
low doses of native K. cowanii can be a complementary strategy to synthetic nitrogen fertilization in
beans, under controlled greenhouse conditions, in the Northern Highlands of Ecuador. The
convergence of physiological (SPAD), symbiotic (nodulation), and productive (100-grain weight,
yield equivalent to T5) indicators reinforces the coherence of the finding; however, transferability to
field conditions requires experimental validation with a uniform substrate (controlled composition),
a greater number of replicates (n = 10), direct quantification of N fixation using isotopic techniques
or N balance [10], and evaluation of interaction with native rhizobia populations present in the soil
[50,53]. Furthermore, a sustainable intensification strategy [54] can be considered, integrating the
design of inoculation systems based on local microorganisms as a key component of the
agroecological transition in smallholder farming systems. Co-inoculation of local strains with
symbiotic microorganisms has demonstrated potential to significantly improve bean productivity
under low-input conditions [1,40]. Future research in the Andean region could explore inoculation
strategies with local microbial consortia to optimize the performance of complex bioinoculum under
field conditions, expanding upon the potential demonstrated in this study with simple inoculation.

4.7. Methodological Limitations and Validation Perspectives

A significant limitation of the experimental design was the difference in substrate composition
between groups: the inoculated treatments (T1-T3) were established in volcanic pumice (100%),
while the controls (T4 and T5) were planted in a mixture of black volcanic soil: vermicompost: pumice
(50:30:20). This difference introduced a confounding factor that prevented attributing the
performance differences solely to the effect of inoculation, regardless of the substrate. However, this
limitation does not compromise the internal validity of the main comparison of interest (dose within
the inoculated group), since T1, T2, and T3 shared the same substrate and the same basal N
conditions. The substrate with organic matter used in the controls provided an estimated 30-80 kg N
ha! of mineralizable nitrogen in the 0-20 cm horizons, depending on the organic matter content [32],
while the pumice used in the inoculated treatments provides negligible total N values, resulting in
markedly different basal N availability conditions between the groups.

A second relevant methodological consideration concerns the protocol of periodic reapplication
of the inoculum to the substrate every 15 days (at 15, 30, 45, and 60 days after sowing). This practice,
justified by the low bacterial survival expected in inert pumice, introduces a structural difference
compared to the single seed inoculation protocol, which is the most common standard in the
literature [26]. Reapplications increase the accumulated bacterial density throughout the cycle, which
is especially relevant in T3 (initial concentration ~1.07 x 102 CFU mL-?), and could have contributed
to maintaining infection pressure on the root system during the late reproductive stages of the crop.
Consequently, it is not possible, based on the adopted design, to disaggregate the relative
contribution of the primary seed inoculation compared to subsequent reapplications in determining
the final number of nodules and the observed yield. Future studies should systematically compare
the single inoculation protocol with that of multiple reapplications, using an inert substrate [37] and
the same concentration range, to quantify the independent effect of each component of the
inoculation system on the symbiotic efficiency of Phaseolus vulgaris L.

The small number of replicates per treatment (n = 3) limits the statistical power of the design to
detect moderate differences in highly variable variables. Post hoc power analysis showed that pods
per plant (CV = 54.51%), grains per pod (CV =44.95%), and grain yield (CV = 33.03%) had observed
power values below 0.30, well below the conventional threshold of 1 -3 >0.80 [42]. Consequently, the
absence of significant differences in these variables should not be interpreted as evidence of the
absence of a real effect, but rather as the result of a design with insufficient detection capacity [42].
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4.8. Genomic Perspective and Reframing of the Biological Mechanism

The integration of WGS with metagenomic analysis in KBase has established a genomic
perspective that transcends conventional descriptive characterization. The recovered MAG (K.
cowanii, 99.03% completeness, 0.63% contamination) allows for targeted functional annotations by
searching for specific genes (ipdC, pqq, siderophore genes, acdS) with BLAST against RhizoGene,
KEGG, and the Enterobacterales PGPR genome database to confirm the presence of molecular
determinants of biostimulation [14,21,48]. Pangenomic analysis allows for the comparison of the
Ecuadorian K. cowanii genome with strains documented in NCBI to evaluate the conservation and
variability of PGPR genes and stress resistance. Furthermore, rhizosphere competition can be
characterized by evaluating biofilm genes, antibiotics, and signaling molecules that could modulate
interactions with native rhizobia populations. Finally, subsequent transcriptomic studies could allow
for the analysis of gene expression under co-inoculation conditions with native rhizobia to
understand indirect facilitation mechanisms.

This combination of genomics with agronomic characterization constitutes a methodological
precedent for future research on native plant growth (NPG) in Andean legumes, where native
microbial biodiversity remains insufficiently characterized at the genomic level. This work
underscores that the diversity of microorganisms associated with legume nodules in the Andean
region transcends classical rhizobia and includes PGPR from the Enterobacteriaceae family with a
demonstrable growth-promoting effect [19,21,50], opening opportunities to redefine bioinoculation
strategies based on local microbial consortia.

5. Conclusions

The integration of whole genome sequencing, ANI analysis, taxonomic classification using
GTDB-Tk, and phylogenomic reconstruction allowed for the highly confident identification of the
evaluated bacterial isolate as Kosakonia cowanii, with an ANI of 96.73%, genomic completeness of
99.03%, and a contamination rate of only 0.63%, providing a solid basis for relating the identity of the
microorganism to the agronomic responses observed in Phaseolus vulgaris L. Under the conditions of
this study, bacterial inoculation produced significant effects on nodulation, foliar nitrogen status,
vegetative growth, and crop phenology. The low inoculation dose (1.07 x 102 CFU mL-") showed the
best biological performance, reaching 227.67 + 6.43 nodules per plant, representing increases of 543%
and 524% compared to the untreated control and the fertilized treatment, respectively. This treatment
also recorded the highest SPAD index (41.16 + 0.34) and plant height (80.31 + 0.25 cm), exceeding the
untreated control by 53.4% and 27.4%, respectively, and promoting a physiological response
consistent with improved nitrogen acquisition and utilization during the crop cycle. Genomic
evidence confirmed the absence of classic symbiotic genes for nodulation (nodA, nodB, and nodC) and
biological nitrogen fixation (nifH, nifD, and nifK), ruling out K. cowanii as a strict nitrogen-fixing
rhizobium and suggesting that the observed benefits were associated with indirect mechanisms of
plant growth promotion and facilitation of symbiosis with native rhizobia. Although no significant
differences in final grain yield were detected, treatment T3 reached 1190.12 kg ha!, equivalent to
94.9% of the yield obtained with mineral nitrogen fertilization, demonstrating the potential of K.
cowanii as a nodulation-associated bacterium for the development of biofertilization strategies aimed
at improving sustainability and reducing dependence on synthetic fertilizers in Andean agricultural
systems.
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