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Abstract: Cabbage serves as an important food and nutrition source for numerous communities in
the world, yet its production requires substantial quantities of chemical fertilizers. In this study, we
assessed the impact of both increasing nitrogen and phosphorus mineral (NP) fertilization, along with
the application of plant growth-promoting bacteria (PGPB) on the N and P uptake, quality, and yield
of cabbage. To this end, we conducted two consecutive field experiments following a randomized
block design with four replicates and two factors: NP doses and PGPB inoculation. PGPB inoculation
used a bacterial consortium comprising Azospirillum brasilense D7, Herbaspirillum sp. AP21, and
Rhizobium leguminosarum T88. Our results showed a significant influence of both biofertilization and
NP fertilization across both crop cycles; however, no interaction between these factors was observed.
In the first crop cycle, 75% of NP mineral fertilization (equivalent to 93.6 kg ha~!of Nand 82.1 kg ha~!
of P) positively impacted yield and N uptake. Also, microbial inoculation significantly influenced
crop yield, resulting in a 9-ton increase in crop yield per hectare due to biofertilization. In the
second crop cycle, we observed a significant positive effect of mineral fertilization on cabbage yield
and nutritional quality. The relative agronomic effectiveness (RAE) index showed that combining
biological fertilization with 50% and 75% of the NP fertilization, respectively, increased yield by
66% and 48% compared to the commercial NP dosage without PGPB. Collectively, our results
demonstrated that within our experimental setup, NP fertilization dosage can be reduced without
any detrimental impact on yield. Moreover, biofertilization could enhance cabbage quality and yield
in field conditions.

Keywords: Brassica oleracea var. capitata L.; nitrogen; phosphorus; plant growth-promoting bacteria;
agronomic yield; agronomic efficiency; relative agronomic effectiveness

1. Introduction

Cabbage (Brassica oleracea var. capitata L.) stands out as a prominent widely consumed
vegetable consumed worldwide, valued for its affordability, widespread availability, and
numerous health benefits, including high fiber content, vitamin C, and antioxidant com-
pounds. It also represents a staple in global cuisines and diets, making it one of the most
consumed brassica vegetables in the world [1]. In Colombia, cabbage is also a significant
source of essential nutrients in people’s diets. Its production primarily centers in five states:
Cundinamarca, Boyacd, Norte de Santander, Antioquia, and Narifio [2].

Successful production of this leafy vegetable demands balanced nutrition, mainly
of nitrogen (N), phosphorus (P), and potassium (K), which are generally provided in
the form of mineral fertilizers. Notably, farmers commonly apply high mineral fertilizer
doses regardless of the real needs of the crops [3], potentially leading to significant social,
economic, and environmental impacts on the production system. The costs associated with
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mineral fertilization, therefore, pose a significant threat to the economical sustainability of
cabbage production, considering the substantial expenses involved. Additionally, the use of
mineral N and P fertilizers can lead to a significant increase in the emissions of greenhouse
gases, particularly nitrous oxide, and contribute to the eutrophication of aquatic bodies [4].

Plant growth-promoting bacteria (PGPB) are a group of microorganisms that can
stimulate plant growth and development via multiple direct or indirect mechanisms.
Their use has the potential to improve nutrient efficiency and, therefore, increase the
sustainability of cabbage by reducing the environmental impact of conventional practices
and enhancing crop yields and quality [5]. The utilization of PGPB-based biofertilizers
in horticultural crops has shown to increase plant nutrition through an increase in the
uptake of micronutrients and macronutrients [6]. Furthermore, PGPB can also potentially
contribute to the mobilization of P in soils, thus increasing its availability for plant uptake.
This is particularly significant considering that P is a limited resource as it represents a
non-renewable mineral source [7].

While the success of employing a single microbial strain for biofertilization is well-
established, the use of bacterial consortia holds the potential for significantly enhanced
efficacy. This improvement primarily arises from the combination of multiple and synergis-
tic PGPB traits. Among these traits, the conversion of atmospheric N into a plant-accessible
form is critical for plant nutrition [8]. Both Azospirillum and Herbaspirillum, for instance,
contain species capable of fixing atmospheric N [9]. Also, the capacity of some microbes to
release soluble P from insoluble forms can positively affect plant growth. Inoculation of
Rhizobium in non-leguminous plants, for example, resulted in an increased transformation
of P from unavailable to available forms in soil, thereby enhancing plant nutrition [10].
Co-inoculation of strains possessing multiple PGP traits, therefore, has the potential to im-
prove nutrient utilization. For red cabbage (Brassica oleracea var. capitata), the combination
of Trichoderma harzianum and Pseudomonas fluorescens demonstrated significant potential
to enhance multiple growth parameters, including root length, macronutrient uptake (N,
P, and K), heading percentage, head diameter, and overall weight [11]. These findings
collectively emphasize the promising impact of bacteria on crop productivity.

In this study, we evaluated the influence of a PGPB consortium on N and P use
efficiency and cabbage yield and quality. Our hypothesis was that employing PGPB could
potentially decrease mineral fertilizer dosages required for cabbage production. Thus, our
objectives were twofold: (i) to investigate the effects of a microbial consortium on both
cabbage yield and quality in comparison to the mineral fertilizer input typically used by
farmers, and (ii) to assess the bio-fertilizer’s potential in reducing mineral doses while
ensuring satisfactory cabbage development and productivity.

2. Materials and Methods
2.1. Experimental Design and Field Experiment Conditions

A field experiment was conducted in the Obonuco Research Center (1°11'52.55” N;
77°18'25.67"” W) of AGROSAVIA in the city of Pasto, Narifio, Colombia (Figure 1a). The soil
at the experiment site is characterized by a loamy texture and falls under the classification
of Vitric Haplustands AMBc within the Andisol order [12].

A physicochemical analysis was carried out for the characterization of nutrient con-
tents and apparent density, using the following methodologies: soil pH was determined in a
soil/water solution (1:2.5 w/v) [13]. Soil organic matter content was assessed following the
method described by Walkley & Black [14]. Available phosphorus was determined using
the Bray Il method [15]. Exchangeable K, Na, Ca, and Mg were measured through atomic
absorption spectrophotometry using an ammonium acetate extraction method [16]. Soil
micronutrients (Mn, Fe, and Zn) were determined by atomic absorption spectrophotometry
using the double acid solution extractor Mehlich I [17], while S and B were quantified as
described by Raij et al. [18]. The physicochemical characteristics of the soil were: pH 6.2,
organic matter (34.1 g kg™!), P (77.54 mg kg~'), K (1.01 cmol kg1), S (6.95 mg kg™1),
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Ca (6.06 cmol kg~1), Mg (1.16 cmol kg 1), Fe (335.61 mg kg~!), B (0.46 mg kg~!), Mn
(5.69 mg kg’l), Cu (245 mg kg’l), Zn (3.61 mg kg’l), and apparent density (1.42 g cm ™).
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Figure 1. (a) Location of the experimental site at the Obonuco Research Center, Pasto, Narifio
(Colombia); (b) field experimental design, using a full factorial block scheme (2 x 5) n = 4; (c) climate
of the experimental site, with maximum and minimum temperatures and rainfall distribution during
the field experiment period (June 2022-March 2023).

This study covered two consecutive agronomic cycles of cabbage var. Green Ball,
using similar management practices for both cycles. Cabbage seedlings (30 days old)
were transplanted into the field at a planting density of 41,500 plants per hectare. Each
experimental unit consisted of 60 plants within a 14.5 m? area (5.8 m long and 2.5 m wide)
(Figure 1b). The second crop cycle was initiated 40 days after harvesting the first cycle. Field
soil was prepared conventionally, and any crop residues were cleared before preparing the
soil for the subsequent cycle. Pest and disease control adhered to conventional management
practices, and irrigation was carried out via sprinklers according to prevailing weather
conditions.

The regional climate was classified as a warm summer Mediterranean climate (Csb)
(C: temperate; s: rainy season in two periods; b: warm summer), according to the
Koppen—Geiger climate classification [19]. Throughout the field experiment period (June
2022-March 2023), the average precipitation measured 300 and 336 mm in the first and
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second cycle, respectively. The average air temperature was 12.9 and 13.1 °C throughout
the duration of the experiment [20] (Figure 1c). Irrigation was performed using a sprinkler
system when the soil’s moisture level reached 75% of its field capacity.

2.2. Microbial Strains and Inoculum Culture Conditions

We used a consortium consisting of Azospirillum brasilense D7 (SAMN16830199), Herbaspir-
illum sp. AP21 (SAMN15498633), and Rhizobium lequminosarum T88 (SAMN15498640). These
strains were chosen because of their capability to stimulate plant growth under nutritional
stress conditions [21,22] and were provided by the Microorganisms Germplasm Collection
of Microorganisms of the Colombian Corporation for Agricultural Research—AGROSAVIA,
Mosquera, Colombia. A. brasilense D7 and Herbaspirillum sp. AP21 were routinely culti-
vated on DYGS medium (composition per liter: yeast extract, 0.5 g; glucose, 10 g; malic
acid, 3 g; NH4Cl, 0.2 g; K;HPOy, 0.2 g; MgSO,4-7H,0, 0.2 g; pH 6.8) at 30 °C for 48 h. R.
leguminosarum T88 was cultured on YM medium (composition per liter: yeast extract, 0.5 g;
mannitol, 10 g; CaCly, 0.02 g; MgSO4-7H,0, 0.2 g; KoHPOy, 0.2 g; pH 7.0) at 30 °C for 72 h.

In the experiments, cells were cultivated in a 5.0 L Miniforce bioreactor (INFORS HT,
Bottmingen, Switzerland) with a working volume of 3.5 L. The cells were cultured under
standard conditions: 150 rpm, 30 °C temperature, and aeration set at 1.0 vvm. A. brasilense
D7 and Herbaspirillum sp. AP21 were propagated in DYGS broth with an initial pH of 6.8,
while R. leguminosarum T88 was cultured in YM medium with an initial pH of 7.0. The speci-
fied time and temperature conditions previously defined for each strain were applied to the
fermentation process. Viable cell quantification was conducted via a plate count method
using the appropriate culture medium. Microbial inoculation occurred at two distinct
stages: during cabbage transplantation and 28 days post-transplantation. The consortium
was prepared by combining equal proportions of each strain before application. In the
inoculant applied, each strain was applied at a final concentration of 1 x 108 CFU mL~1.
The inoculation process involved drenching directed toward the plants, administering
a dosage of 2.0 L ha~!. For the uniform application of the inoculum, we diluted it in
distilled water at a ratio of 2.0 L of inoculant to 200 L of distilled water. In the uninoculated
treatments, an equivalent volume of distilled water was applied to maintain consistency
across all experimental conditions.

2.3. N and P Fertilization

The treatment labelled as 100% NP fertilization represents the standard commer-
cial fertilization practiced in farm management, corresponding to 130 kg ha~! of N and
114 kg ha~! of P. From the standard management dosage, the treatments were set by reduc-
ing to 25%, 50%, 75%. Urea and diammonium phosphate (DAP) served as the sources of
N and P for all treatments. The treatment labelled as 0% represents the negative control
devoid of any mineral fertilization. Potassium (K) remained constant across treatments,
administered at a consistent concentration of 50 kg ha~! in the form of KCl. The N dosage
was corrected based on the DAP rate applied, considering 180 g kg ! of N present in DAP
(Table 1). Mineral fertilization was applied 30 days after cabbage transplantation.

Table 1. Mineral fertilizer treatments evaluated in the field experiment with cabbage.

Doses N P K
% kg ha—1
0 0.0 0.0 50.0
25 32.5 28.5 50.0
50 65.0 57.0 50.0
75 97.5 85.5 50.0
100! 130.0 114.0 50.0

! The treatment 100% represents the standard commercial fertilization farm management.
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2.4. Evaluation of Cabbage Growth and Yield

When the cabbage head started to form, dry matter production and nutrient content
were assessed. At this stage, four cabbage heads from each treatment were harvested, and
the shoot was dried at 65 °C for 72 h to obtain the dry matter (DM). Additionally, four
cabbage heads from each treatment were harvested to obtain the N and P content. For
this purpose, shoot samples were oven-dried for 72 h at 60 °C, and chemical digestion
was performed for the N content by using the Kjeldahl method [23]. Shoot P content
was quantified by inductively coupled plasma—optical emission spectrometry (ICP-OES)
analysis [24] at the Chemical Soil Laboratory of AGROSAVIA, Mosquera, Colombia.

N and P uptake were calculated as the product of the N and P concentration and DM
cabbage yield, applying Equation (1):

-1 . -1
N or P uptake(kg ha~1) (N or P content (g kg 10)0(>)< DM yield (kgha™ ")) 1)

At the final maturation stage, cabbage heads were classified by fresh weight, following
the Colombian technical standard—NTC 1125 (Colombian Institute of Technical Standards
and Certification—ICONTEC, 1979). Cabbage heads weighing over 2000 g were categorized
as large, those ranging from 801 to 2000 g were classified as medium-sized, and those
between 500 and 800 g were considered small. The agronomic yield was also calculated: all
plants in the useful plot (22 plants; 5.31 m?) were harvested and the shoot dry weight was
obtained by incubating at 65 °C for 72 h. The experimental yield (t ha~!) was estimated
according to Equation (2):

[DM; (kg ha™!) — DM, (kg ha™!)]
F (kgha 1)

AE (kgkg ') = 2)

where DM is the yield with added nutrient fertilizers; DM, is the yield in control, without
fertilization; and F is the nutrient applied via fertilizer.

Additionally, the relative agronomic effectiveness of biofertilization to the recom-
mended dosage of N and P was calculated from the yield response relationships using
Equation (3):

(Yi— Yons)

RAE(%) =
(%) (Y100nB — YoNB)

x 100 3)

where Yi is cabbage yield in the treatments with added NP fertilizers including biofertil-
ization (t ha™'); Yigon is the yield with the recommended dosage of N and P without
biofertilization (reference fertilizer treatment, RAE = 100%) treatment; and Yons is the yield
without NP fertilizer nor biofertilization (control).

2.5. Statistical Analysis

A two-way ANOVA analysis was conducted to evaluate the agronomic data. In
the absence of interaction, Tukey’s test (p = 0.05) was used to evaluate the isolated effect
of biofertilization. The effect of the NP dosage was adjusted to a linear or quadratic
regression model. Relative agronomic effectiveness (RAE) was compared using Dunnett’s
test. For analysis, we used the R software v.4.3.1 [25] and the AgroR package [26]. Data
were submitted for Shapiro-Wilk’s normality test and Bartlett’s homogeneity test, and
variables that did not meet the normality assumptions were normalized using the square
root transformation of X + 0.5. Outliers were removed using standard deviation analysis if
necessary [27].

3. Results
3.1. Impact of Mineral and Biological Fertilization on N and P Uptake

We studied the role of NP fertilization and biofertilization on N and P uptake. The
results showed that NP fertilization had a significant impact on N and P uptake in shoots
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during cabbage head formation, while biofertilization had no discernible effects across both
crop cycles (Table 2). We then performed correlation analyses between N and P uptake
and NP fertilization doses, where we observed that the largest N uptake during the first
crop cycle (62 kg ha=') occurred at 72% of NP fertilization, while during the second cycle
(92 kg ha™ 1), it was achieved at 86% of the NP dosage (Figure 2a). P uptake in the first and
second cycles reached its highest level at 63% and 82% (9.1 kg ha~!) of NP fertilization,
respectively (Figure 2b). Across both crop cycles, no interaction between NP fertilization
and biofertilization was observed (Table 2).

Table 2. Two-way analysis of variance (ANOVA) was conducted to assess the impact on cabbage
yield, as well as nitrogen (N) and phosphorus (P) uptake. The factors examined included NP mineral
fertilization dosages (0%, 25%, 50%, 75%, and 100%) and biofertilization (inoculation with consortia
or control). The experiment spanned two consecutive crop cycles (2022-2023) under field conditions
in Pasto, Narifio (Colombia).

p-Value
Factor Yield N Uptake P Uptake
(tha=1) (kgha™1) (kgha—1)
Crop cycle 1
Biofertilization 0.0232 * 0.5370 n.s. 0.5490 n.s.
NP mineral dosages (%) 0.0066 * 0.0060 * 0.0320 *
Interaction (Biofertilization x Dosage) 0.3670 n.s. 0.7206 n.s. 0.9109 n.s.
Crop cycle 2
Biofertilization 0.4604 n.s. 0.9900 n.s. 0.7490 n.s.
NP mineral dosages (%) 0.0042 * 0.0004 * 0.0098 *
Interaction (Biofertilization x Dosage) 0.7550 n.s. 0.4750 n.s. 0.4450 n.s.

The symbols * and n.s. denote significant and non-significant differences, respectively, based on the results of
Student’s t-test.

N uptake (kg ha I)
P uptake (kg ha')

T T T T T T T T T
0 25 50 75 100 0 25 50 75 100

Dosage of NP (%) Dosage of NP (%)

L] Cycle 1 ® Cyclel

o Cycle 2 O Cycle2
— — —  y=353517+0.7382x - 0.0051x* R>=0.9812 —== y=4.9816+0.0759% - 0.0006x*> R*>=0.9226
T y=53.4790+0.9036x - 0.0052x" R*=0.9810 — y=5.7670 +0.0821x - 0.0005x> R =0.9599

@) (b)

Figure 2. Regression analysis between NP mineral fertilization doses and NP uptake: (a) N uptake
(kg ha~1); (b) P uptake (kg ha~1) as affected by NP dosages (%) of two consecutive cabbage harvests.
Regression analysis was used to determine the relationship between fertilization doses and N and
P uptake. Black and white dots indicate uptake results for the first and second cycle, respectively.
Dashed and continuous lines depict the regression lines that best fit the data for the first and second
cycles, respectively. Error bars indicate the standard deviation of the means.

3.2. Impact of Mineral and Biological Fertilization on Cabbage Yield

Assessment of the role of fertilization on cabbage yield revealed a significant effect
of both NP fertilization and PGPB usage; however, no observable effect was seen for the
interaction between both factors. Correlation analyses showed that during the first crop
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Yield (tha ™)

70 A

cycle, 72% of the mineral fertilization dosage (93.6 kg ha=! of N and 82.1 kg ha! of P)
resulted in the maximum crop yield (61.5 t ha™!). In the second cycle, we noted a direct
correlation between mineral fertilization and crop yield, with the most substantial impact
on cabbage yield seen at 100% NP fertilization (Figure 3a). Moreover, biofertilization
resulted in an average increase of 9 t ha~! in crop yield during the first crop cycle compared
to the control (Figure 3b). In contrast, during the second cycle, biofertilization had no
significant effect on cabbage yield (Figure 3b).

70

A
60 T
B n.s
50 T
Ty 40 A
=
=
T30 o
S
20 A
: : ; ‘ 10 -
25 50 75 100
Dosage of NP (%) 0 T T
Cycle 1 Cycle 2
° Cycle 1
o Cycle 2 Non Biofertilizati
— — — ;) =39.8160+0.6036x—0.0042 R =0.9436 :- Bi‘;“fm'ﬁi:;'io':’“(’"
————  y=389197+0.2701x—0.0008x" R*=0.9296
(a) (b)

Figure 3. Effect of fertilization doses on cabbage yield. Yield (t ha—!) of cabbage as affected by NP
dosages (%) of two consecutive harvests (cycle 1 and cycle 2): (a) Black and white dots indicate yield
results for the first and second cycle, respectively. Dashed and continuous lines indicate the regression
that fits best for the first and second cycle, respectively. Error bars (T) represent the standard error of
the means; (b) biofertilization comparison: columns followed by the same uppercase letter do not
differ statistically by Tukey’s multiple range test (p < 0.05) in the first crop cycle. n.s. non significance.

3.3. Effect of Mineral and Biological Fertilization on Cabbage Head Weight

The analysis of head cabbage weight indicated a notable increase in cabbage head size
due to mineral fertilization (Figure 4). The highest proportion of largest cabbage heads
was observed at 50% of mineral fertilization combined with biofertilization, as well as
at 100% of fertilization without the bacterial consortium (Figure 4a). Plants that were
treated with biofertilizer showed considerably greater sizes across various fertilization
levels, except when the fertilization was at 100% of the recommended dosage. The analysis
of medium-sized cabbage heads revealed a contrasting effect. Across all NP concentrations,
plants untreated with PGPB exhibited the highest percentage of medium-sized cabbages
(Figure 4b). Conversely, an inverse relationship between size and mineral fertilization was
noted in small-sized cabbage heads, with no notable differences attributed to biofertilization
(Figure 4a,b). These combined results highlight the influence of both mineral fertilization
and biofertilization in the quality distribution of cabbage head sizes, ultimately favoring
the growth of larger heads.
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Non Biofertilization Biofertilization
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(@ (b)

Figure 4. Effect of fertilization NP doses on cabbage quality. Size of cabbage head based on weight
(%) as affected by NP dosages (%): (a) Non-biofertilization treatments; (b) biofertilization in the first
crop cycle. Classification of the cabbage heads by weight, in large (>2000 g), medium (801-2000 g),
and small (500-800 g). Black bars indicate large size cabbage head results for the biofertilization and
non-biofertilization treatments, respectively. Gray bars indicate medium size cabbage head results
for the biofertilization and non-biofertilization treatments, respectively. White bars indicate small
size cabbage head results for the biofertilization and non-biofertilization treatments, respectively.

3.4. Relative Effect of Biological Fertilization on Agronomic Efficiency

In the first crop cycle, biofertilization notably improved the relative agronomic effec-
tiveness (RAE) when used alongside 50% (65.0 kg ha=! of N and 57.0 kg ha~! of P) and 75%
(97.5 kg ha=! of N and 85.5 kg ha~! of P) of mineral fertilization (Figure 5). Conversely,
in the second cycle, the application of biofertilizer led to a decrease in the RAE. At 100%
fertilization, the effect of biofertilization on RAE was negligible, indicating a potential
decrease in effectiveness or a possible interaction between the two fertilization methods
which occurs solely at higher fertilizer rates.

200 q

* I Cycle |

[ Cycle 2

150 4 . I
E 100 7

L

.
50 %
%

NB100% B25% B50% B75% B100%

Biofertilization treatments

Figure 5. Relative effect of bacterial fertilization on agronomic efficiency. NB denotes the non-
biofertilization treatment with 100% of fertilization and B indicates the treatment with biofertilization
(simultaneous inoculation with Herbaspirillum sp. AP21, Azospirillum brasilense D7, and Rhizobium
lequminosarum T88). Black and white bars indicate first and second crop cycle, respectively. Percent-
ages underneath bars indicate fertilization doses with respect to the recommended doses based on
soil chemical analyses. Columns followed by * differ statistically by Dunnet’s multiple range test
(p < 0.05) in cycle 1, and columns followed by + differ statistically by Dunnet’s multiple range test t
in cycle 2. Each bar corresponds to the arithmetic mean of the inoculated treatments divided by the
mean of the respective uninoculated treatments at each fertilization dosage.
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Agronomic efficiency (kg kg‘l)
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3.5. Agronomic Efficiency of Nitrogen and Phosphorus

The analysis of agronomic efficiency revealed that the N agronomic efficiency sur-
passed the P agronomic efficiency. Additionally, the highest efficiencies for both nutrients,
N and P, occurred at lower mineral fertilizer dosages, followed by a decrease in efficiency
as fertilizer dosages increased (Figure 6a). Concerning biofertilization, the consortium inoc-
ulation notably enhanced the agronomic efficiency of both nutrients, showing a 15 kg kg !
increase in the N agronomic efficiency and a 7 kg kg ! rise in the P agronomic efficiency
(Figure 6b).

60
1
40
30

20 4

Agronomic efficiency (kg kg™")

0 T T
Nitrogen Phosphorus

Dosage of NP (%)

Nitrogen
Phosphorus

y=106.4547 — 1.7912x + 0.0091x> R>=0.9987
y =53.2313 - 0.8958x + 0.0045x>  R?=0.9988

I Non Biofertilization
[ Biofertilization

(@) (b)

Figure 6. Agronomic efficiency of N and P. Agronomic efficiency of N and P of cabbage (kg kg~!)
as affected by NP dosages (%) of the first crop cycle: (a) Regression analysis was used to determine
the relationship between fertilization doses and agronomic efficiency. Black and white dots indicate
agronomic efficiency results for nitrogen and phosphorus, respectively. Similarly, dashed and
continuous lines indicate the regression that fits best for N and P, respectively. Error bars (T) represent
the standard error of the means; (b) biofertilization comparison: columns followed by the same
uppercase letter do not differ statistically by Tukey’s multiple range test (p < 0.05) for N agronomic
efficiency. Columns followed by the same lowercase letter do not differ statistically by Tukey’s
multiple range test (p < 0.05) for P agronomic efficiency.

4. Discussion

Mineral fertilization and biofertilization are crucial factors shaping the productivity
of cabbage. The application of appropriate dosages of fertilizers, considering the specific
nutritional requirement of cabbage plants, directly impacts their growth, development, and
final quality [28]. Similarly, plant growth-promoting bacteria can influence plant growth
and development, thereby impacting overall crop performance. Cabbage stands out as a
primary open-field vegetable crop characterized by a substantial N demand and moderate
P absorption [29]. Hence, the generation of agronomical recommendations of fertilization
that integrate both mineral and biological inputs are likely to result in increased crop
yield, while also reducing the associated fertilization costs and the negative impact on the
environment.

The application of mineral fertilizers resulted in an increased yield, quality, and nu-
tritional content of cabbage. Furthermore, a simultaneous rise in both crop yield and
nutritional quality was noted with the increase in the concentration of mineral fertilizers.
This positive trend was evident up to approximately 75% of NP fertilization. Crop cycle also
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had a significant effect on plant nutrition and yield, which was evident in our experiments
by differential N and P uptake. This demonstrates that historical land management substan-
tially affects agronomic efficiency [30]. In our work, the first crop cycle was initiated after
twelve months of fallow, with this extended period contributing to a substantial increase
in the soil nutrient reservoir, positively impacting cabbage yield [31]. The second crop
cycle was established immediately after the first harvest. Notably, in this cycle, we noticed
reduced crop yields, especially in the treatments with lower mineral fertilizer dosages. This
outcome highlights the importance of crop management to include appropriate fertilization
rates and timing to maximize the benefits of both mineral fertilization and biofertilization
for sustainable cabbage cultivation.

Biofertilization with the PGPB consortium had a positive impact on cabbage quality
and yield. Consortium formulation with multiple PGPB has proven successful to improve
plant development and yield under abiotic and nutritional stresses [32]. These effects can be
attributed to the role of bacteria in increasing nutrient absorption and plant growth under
adverse conditions. Some bacteria can use one or multiple strategies to influence plant
growth in a direct or indirect manner. In terms of direct plant nutrition, biological N fixation
and P mineralization and solubilization represent the two key mechanisms involved in
plant growth stimulation. Further, increasing N and P availability has the potential to
reduce the dosages of exogenous fertilization, thus decreasing the crop’s dependence on
synthetic chemical fertilizers, as well as its associated negative impact on the environment.

Biological N fixation is defined as the microbial capacity to convert atmospheric
N into assimilable forms [33]. In non-legume plants, this process naturally relies on
the plant’s associated diazotroph community. Therefore, this process can be potentially
enhanced by inoculation with nitrogen-fixing bacteria [34]. In this study, we used the
strains Herbaspirillum sp. AP21 and A. brasilense D7 that are endophytic diazotrophs with
multiple traits to promote plant growth, including the production of indole compounds
and exopolysaccharides, biofilm formation, and ACC deaminase activity [35]. Interestingly,
we observed an increase in the usage of N by cabbage, which can be potentially attributed
to these PGP traits. In other studies, we also showed that inoculation with AP21 and D7
reduced applied N doses in forage crops by up to 50%, while simultaneously enhanced
shoot N content and improved forage quality [21].

Phosphorus-solubilizing bacteria also play a significant role by converting insoluble P
into plant-available forms, facilitating nutrient uptake [36]. Notably, the strains used in this
study, R. lequminosarum T88 and Herbaspirillum sp. AP21, produce diverse organic acids,
phosphomonoesterases, and phytases [37], which are associated with P solubilization and
mineralization [38]. The enhanced efficiency of P usage observed may thus be attributed to
the role of microbes in the mobilization of adsorbed soil P minerals and the mineralization
of organic matter [39]. The individual and combined PGP traits of each strain within the
consortium likely resulted in the increase in the relative agronomic efficiency at low doses
of NP.

5. Conclusions

The present study highlights the efficacy of biofertilization and optimized mineral
NP fertilization in enhancing cabbage yield and quality while reducing mineral fertilizer
usage. These findings thus serve as a technological recommendation for cabbage farmers,
indicating the appropriate use of chemical and biological fertilization to achieve the optimal
crop response. However, it is necessary to validate these results in various soil types
and replicate the experiment over successive crop cycles to ensure the reliability and
generalizability of the findings.
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