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Tobacco (Nicotiana tabacum L.) has long been vital to Cuban agriculture, with its
products renowned for their quality. Cuban tobacco is grown in soils with a long
history of continuous farming using traditional fertilization methods
characterized by recommended doses of mineral fertilizers. This study aims to
improve the nutrition resource strategy in tobacco cultivation to ensure high
yields of superior-grade tobacco leaves with adequate quality and increase
fertilization efficiency. With this goal, a field experiment evaluated the
traditional method of fallow with alternatives of nutrient supply systems for the
production of black tobacco in Ultic Paleustalf soils. The experiment utilized
Canavalia ensiformis (Can) treated with a mycorrhizal inoculum (AMF) based on
the Glomus cubense strain (INCAM-4) as a preceding green manure, combined
with successive mineral fertilizations for tobacco during four growing seasons in
a randomized block design with factorial arrangement. Canavalia presented a
positive response to mycorrhizal inoculation, significantly increasing dry biomass
production (87.34%, 129.96%), mycorrhizal colonization (26.90%, 103.66%), and
spore production (26.79%, 52.52%) for Can and Can+AMF treatments
respectively. A biplot analysis established a strong relationship between the
biomass and mycorrhizal performance of Canavalia and the growth, yield, and
mycorrhizal colonization of tobacco. The results indicate that inoculated
Canavalia enhances mycorrhizal performance in successional tobacco, with
Can+AMF significantly increasing mycorrhization of tobacco roots by
(110.06%). Moreover, the combination of Can inoculate with AMF and 75% of
the recommended mineral fertilization dose consistently produced the highest
tobacco yields (42.06%), growth, and mycorrhizal activity across the four years
while maintaining satisfactory combustibility. In this nutrition supply system,
variations of the recommended fertilizer dose significantly decreased the
percentage of mycorrhizal colonization. After four growing seasons using Can
+ AMF and Canavalia without inoculations, soil organic matter, and availability of
exchangeable calcium, magnesium, and pH increased slightly without
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decreasing available phosphorus and potassium contents. Consequently, we
conclude that Canavalia ensiformis, with an inoculum based on the Glomus
cubense strain and 75% of the recommended dose of mineral fertilizers, provides
an enhanced nutrition alternative system for black tobacco production.

KEYWORDS

green manure, AMF inoculation, mineral fertilization, tobacco, nutrition system

1 Introduction

Tobacco is a highly sensitive crop to soils’ nutrient deficiencies,
and crop production experiences significant yield and quality
fluctuations due to nutrient deficiencies or excesses (Tso, 1990;
Lisuma et al.,, 2020). Mineral fertilizers are the most well-known and
widely used method to provide crops with immediate availability
and high nutrient concentrations. However, its cost is steadily
increasing and is becoming unaffordable for small producers.
Moreover, inadequate management of mineral fertilizers poses
ecological risks, including nutrient imbalances, contamination of
water sources, reduced biological activity in the soil, and excessive
chemical residues in agricultural products (Kassam et al., 2013;
Mishra and Arora, 2016; Hamel and Plenchette, 2017).

Nutrient supply systems are required to meet the nutritional
requirements of crops as well as enhance biological mechanisms in
the rhizosphere. The combination of mineral and organic fertilizers
obtains favorable crop yields of superior quality, concurrently
mitigating production expenses (Dai et al, 2021; Sifola et al,
2022). Simultaneously, the synergistic mechanisms maintain or
improve the soil’s physical, chemical, and biological
characteristics (Rivera et al., 2007; Hamel and Plenchette, 2017).
The use of leguminous plants contributes nitrogen to the system
through biological nitrogen fixation (BNF) (Krishna et al., 2007;
Sousa et al., 2016; Palmero et al., 2022; Barbieri et al., 2023). Green
manures, crop rotation, and compost offer alternatives for soil
management and crop nutrition (Mosquera et al, 2012; Jiang
et al,, 2022) (Jiang et al., 2022; Li et al., 2024). Their application
in agricultural areas leads to improved soil fertility, higher organic
matter content, the formation of stable aggregates, enhanced
biological activity, and reduction of soil erosion reduced (Cherr
et al,, 2006; Garcia Rubido et al., 2015) (Asghar and Kataoka, 2021;
Voltr et al, 2021). Additionally, Recent studies indicate other
beneficial results from a green manure species Canavalia
ensiformis (Araujo et al., 2024).

Mycorrhizae provide benefits for crop growth by increasing
water and nutrient absorption capacity, enhancing resilience to
adverse soil conditions, and forming stable aggregates in the soil,
which improve tolerance to climatic conditions and pathogens (van
der Heijden et al., 2015; Kashyap et al,, 2018; Li et al., 2022).
Arbuscular mycorrhizal fungi (AMF) establish a symbiosis with the
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most economically important plant species (Willis et al., 2013),
including tobacco (Subhashini, 2013) and leguminous green
manures as Canavalia (Rivera et al., 2010). In this context, the use
of AMF has been shown to offer several benefits for tobacco, such as
inducing tolerance to Tobacco Black Shank (caused by
Phytophthora nicotianae) (Li et al., 2023), enhancing resistance to
water stress (Begum et al, 2022), and improving essential oil
production, metabolism, growth and yield (Begum et al., 2021),
among others.

Recent fertilization techniques involve the simultaneous use of
mycorrhizal inoculants and green manure species like C. ensiformis,
have demonstrated notable improvements in crop production and
soil fertility benefits (Rivera et al., 2020). These methods,
particularly when integrated into crop rotation and intercropping
systems, have consistently resulted in elevated yields and
satisfactory nutritional content across different crops while
substantially reducing reliance on mineral fertilizer (Ben-Laouane
et al,, 2021; Javanmard et al,, 2022). Additionally, AMF-inoculated
green manure plants have proven effective in stimulating the growth
of mycorrhizae associated with economically significant crops,
thereby enhancing soil coverage and health (Rayne and Aula,
2020; Dong et al,, 2021; Gujre et al., 2021). To the present date,
there is a lack of published research regarding these co-management
strategies in tobacco cultivation

Considering the low organic matter content and sandy texture
of the soils dedicated to tobacco production in San Juan Martinez,
Cuba, and the previously mentioned benefits from AMF, green
manure, and mineral fertilization combination. This study assesses
the potential benefits and feasibility of combining C. ensiformis and
mycorrhizal inoculants with appropriate mineral fertilization doses
for tobacco production. This study aims to establish a more cost-
effective and sustainable integrated nutrient supply for
tobacco cultivation.

2 Materials and methods
2.1 Site description

The study was conducted from 2018 to 2022 at the Tobacco
Experimental Station in Cuba, 22°16’55.2”N and 83°49°19.44”W, 31
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meters above sea level. This station is located within the tobacco-
rich region of Vuelta Abajo, in San Juan y Martinez, Pinar del Rio
province. The soil in this area was classified as Ultic Paleustalfs,
characterized by a slightly acidic pH and typical exchangeable Ca
and Mg levels. Notably, the soil type has low organic matter content
and a resident mycorrhizal population, possibly due to continuous
cultivation with high doses of mineral fertilizers. Excessive
fertilization also accounts for the high levels of available
phosphorus and potassium in the soil (Table 1).

The average annual rainfall and monthly temperature during
the experiment were typical of the climate in western Cuba, with an
annual average rainfall of 1581 mm and an average monthly
temperature of 25.1°C. The rainy season typically extends from
May to October, accounting for approximately 81% of the annual
rainfall, with an average temperature of 26.8°C.

2.2 Experimental design and
tobacco management

Field experiments were conducted under conditions that
resemble tobacco production environments. The fertilization
treatments consisted of two factors. The first factor was the
previous crop, where Canavalia with Arbuscular mycorrhizal fungi
(AMF), Canavalia, and fallow plots preceded tobacco plantation The
first factor was preceding crop, which included Canavalia inoculated
with AMF, non-inoculated Canavalia, and fallow plots, which
preceded the tobacco planting. The second factor was the macro-
nutrient mineral fertilization doses, resulting in nine treatment
combinations (Table 2). The experimental design followed a
randomized block arrangement with a factorial AxB design,
incorporating the years as the third factor (C). Each treatment had
four replicates, with the same plot utilized for succession in different
study years. Data from the first season were excluded to standardize
the effects of the treatments on both Canavalia and tobacco, and only
results from the last three seasons were presented.

Each plot had an area of 22.8 square meters (6 x 3.8 meters).
Canavalia was planted in the second half of September with a
spacing of 30 cm between plants, 50 cm between rows, and an
approximate seeding rate of 70 kg per hectare. Fallow plots were
designated as a commercial control, as tobacco growers typically
allow fallow vegetation, primarily composed of Cyperus rotundus
and Eleusine indica, with smaller amounts of Amaranthus spp., to
establish before planting tobacco.

Certified Canavalia ensiformis seeds, as per the NRAG 193
(2011) standard, were used in this study. The methodology closely

10.3389/fagro.2024.1386656

TABLE 2 Treatments studied during the experimental period.

Treatments Previous crop Fertilizer
Percentage®
(% RD)
Can+AMF+50% RD C. ensiformis + AMF 50
Can+AMF+75% RD C. ensiformis + AMF 75
Can+AMF+100% RD C. ensiformis + AMF 100
Can+50% RD C. ensiformis 50
Can+75% RD C. ensiformis 75
Can+100% RD C. ensiformis 100
Fallow+50% RD Fallow 50
Fallow+75% RD Fallow 75
Fallow+100% RD Fallow 100

'100% RD (Recommended Dose): 120N - 60P,0s — 160K,0 — 30MgO, according to the
Technical Instructions of the crop (Espino et al., 2012).

aligns with production conditions and has been tested across a wide
range of experiments (Rivera et al., 2023). The certification process
considers genetic and mechanical purity, germination capacity,
moisture content, and phytosanitary control.

A solid arbuscular mycorrhiza inoculant based on Glomus
cubense (INCAM-4, DAOM 241198) (Rodriguez et al., 2012),
certified by the Mycorrhiza Laboratory of the National Institute
of Agricultural Sciences of Cuba. The AMF had a concentration of
25 to 30 spores g ' extracted by the wet sieving and decanting
method (Gerdemann and Nicolson, 1963) from 50 g of inoculum.

Mass production of micorrizhal inoculum was prepared by
applying G. cubense/INCAM-4 with a high degree of purity to
seeds of Urochloa decumbens, which were subsequently grown in a
sterile substrate following the method described by (Fernandez
et al., 2000). After four months, the substrate enriched with
mycorrhizal propagules was extracted. This substrate mixture
with mycorrhizal propagules, including mycorrhizal roots with a
colonization frequency between 61% and 68%, dried at room
temperature in the shade. The spore content was homogenized
and adjusted to the commercial concentration of 30 spores g '
(Fernandez et al., 2000).

The mycorrhizal seed inoculation used the coating method with
10% of the seed weight (Fernandez et al., 2000), equivalent to 10 kg
ha™!, preparing a homogeneous mixture of 1 kg of inoculum for every
10 kg of seeds previously moistened with 300 ml of water. Following
the coating process, the seeds undergo a one-hour drying period in
shaded conditions before sowing. Canavalia sowing and cultivation

TABLE 1 Some initial characteristics of the Ultic Paleustalf soil at 0—20 cm depth (average values and confidence intervals).

P oM Cat?

mgkg™  gkg™

CI 3.39 + 0.45

5.39 +0.16 ‘ 16.99 + 0.85 ‘ 13.6 £ 0.8

Na+1

Mg+2

AMF
spores in
50g soil

1.78 £ 0.43 0.10 £ 0.01 0.46 + 0.05 5.73 £ 0.61 55+5

Chemical determinations (19): pH-KCl potentiometer: soil/solution ratio of 1:2.5; MO (organic matter) Walkey and Black method; P,Os and K,O extraction with H,SO4 0.05 M acid,
Exchangeable cations: extraction with NH,Ac 1 M; S: Base exchange capacity; No. Resident AMF spores (Gerdemann and Nicolson, 1963). CI confidence interval at p<0.05.
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were carried out manually. The Canavalia plants were mechanically
cut and incorporated into the soil at a depth of 15-20 cm at the onset
of flowering, approximately 60-70 days after sowing.

The tobacco variety ‘Criollo 98’ was transplanted in the
third week of December using seedlings from seedbeds. The
transplanting was performed manually, with a planting spacing of
30 cm between plants and 76 cm between rows, resulting in a
planting density of 38,000 plants per hectare. Each plot consisted of
five rows of tobacco. Cultivation and fertilization followed the
Technical Instructions for Tobacco Cultivation guidelines in
Cuba, as provided by the Tobacco Research Institute (Espino
et al, 2012). The recommended dose (RD) of 100% NPKMg
fertilizer corresponded to 120 kg per hectare of nitrogen (N),
60 kg per hectare of phosphorus pentoxide (P,Os), 160 kg per
hectare of potassium oxide (K,O), and 30 kg per hectare of
magnesium oxide (MgO). This fertilizer was applied in two
fractions, with 40% 8-10 days after transplanting and the
remaining 60% between days 18-20.

Tobacco harvesting started 55 days after transplanting and
continued up to 80 days after transplanting. The harvested leaves
were dried in a traditional curing house. The residual plant material
from the harvest was incorporated into the soil within each plot,
and the plot was left fallow until the onset of the rainy season. Then,
soil preparation for the subsequent season was initiated. These
practices were consistent across all treatments (Table 2).

2.3 Determinations performed on
Canavalia ensiformis

The sampling procedure for the determinations involving
Canavalia ensiformisused three consecutive plants selected within
each plot approximately 60 days after germination from the central
furrow. The sampling included plant roots and rhizospheric soil
within the upper 20 cm depth in a sample composed of five sub-
samples of 100 g of soil each.

The aboveground biomass (in Mg ha™') was assessed by
separating the leaves and stems from the three selected plants.
The fresh weight of each plant organ was measured using a
precision balance (0.01 g). Subsequently, a 100 g sample from
each organ was taken and dried in an oven at 70°C until a
constant weight was achieved. This allowed us to determine each
organ’s fresh and dry mass and the total dry mass.

Extraction of N, P,Os, and K,O measured the concentration of
N, P, and K in the leaves and stems of Canavalia. Nutrients (g kgfl)
were determined using samples collected from each plot.
Subsequently, the extraction was calculated based on the data for
the dry mass of each organ (in Mg ha™") and the concentration of
each element (in gkg™' of N, P, and K), using the following formula:

Extraction (kg ha™") = X[0B; - MC}] - fg

In this formula: OB represents Organ Biomass; MC represents
macronutrient content in each organ; the subscript i” corresponds
to leaves and stems, respectively; the factor ‘fg’ was set at 1 for N,
2.29 for P,0Os, and 1.2 for K,O.
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The assessment of spore counts and the determination of the
percentage of mycorrhizal colonization were conducted per plot
using rhizospheric soil samples. Spores were quantified using the
wet sieving and decanting method (Gerdemann and Nicolson,
1963) in 50 g of soil, while mycorrhizal colonization was assessed
through the intercept method and staining with ‘blue ink’
(Rodriguez Yon et al, 2015) using 200 mg of rootlets extracted
from each sample. The quantities of mycelia and infective roots
were not determined.

2.4 Tobacco yield and characteristics

Tobacco measurements and observations were conducted on
tobacco plants randomly selected from the central furrows of each
plot. These assessments were carried out during the harvest of the
central leaves, which occurred 70-75 days after transplanting,
following the method described by Torrecilla et al. (2012). The
measurements included recording the length and width of the
central leaf, determining the fresh and dry mass of the central leaf
using a gravimetric method with a precision analytical balance
(+ 0.1 mg), and estimating chlorophyll content using the SPAD-502
instrument (MINOLTA, Spectrum Technologies Inc.) (Espino
et al., 2012).

The yield assessment included all the plants within the plot. It
was determined as the total yield (kg ha™'), comprising both
superior and inferior tobacco leaves grades, following the
guidelines outlined in the Technical Instructions for the
Collection and Processing of Sun-Cultivated Tobacco (Fernandez
et al., 2004). Combustion rate determinations followed the
procedures and evaluation criteria specified in the document
‘Instructions for the Assessment of Combustion Rate in Cuban
Tobacco’ by Guardiola et al. (2004).

Following the harvest, soil samples were collected from the
tobacco plants in each plot. These samples were evaluated for the
percentage of mycorrhizal colonization in the roots (Rodriguez Yon
et al.,, 2015), the presence of mycorrhizal spores (Gerdemann and
Nicolson, 1963), and the same soil nutrient analyses that were
initially conducted (Table 1).

2.5 Statistical procedure

Univariate analysis (ANOVA) with a trifactorial arrangement
was performed for the variables evaluated in Canavalia and tobacco.
In cases where the highest-order interaction (A x B x C) was
significant, further analysis broke down the interaction by assessing
the effects of different Canavalia x fertilization combinations for
each year. Mean values were calculated using Duncan’s test at a p<
0.05 significance level. Furthermore, a multivariate Biplot analysis
was conducted, integrating the variables from both tobacco and
Canavalia. Regression analyses examined the relationship between
yearly mycorrhizal colonization percentages and tobacco yield.
Additionally, confidence intervals at p< 0.05 were calculated for
each variable based on the initial and final soil analysis results.
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3 Results

The dry biomass of Canavalia (Can) exhibited a positive
response (p< 0.05) to the inoculation with arbuscular mycorrhizal
fungi (AMF) and tobacco mineral fertilization (NPKMg) (Table 3),
with an increase of 87.34% for Can and 129.96% for Can+AMF
compared to Fallow. The highest dry biomass and macronutrient
content (p< 0.05) were observed in the Canavalia treatments
receiving mycorrhizal inoculations, particularly those treated with
75% and 100% of the recommended dose (RD) compared to the
natural vegetation associated with fallow plots.

As expected, Canavalia inoculated with AMF treatments
exhibited superior mycorrhizal functioning compared to
Canavalia non-inoculated treatments, and all Canavalia
treatments were notably higher than those observed in fallow
natural. Similarly to the dry biomass and NPK absorption,
indicators of mycorrhizal activity compared to fallow vegetation
treatments increased in the number of spores by 26.79% for Can
and 52.52% for Can+AMEF, while for colonization, the increase was
26.90% for Can and 103.66% for Can+AMF.

Canavalia + AMF treatments presented a corresponding
increase in spore numbers to AMF inoculation, but differences
were not significant (p< 0.05) with Can+75% RD. Notably, the
highest AMF colonization and number of spores (p< 0.05) were
associated with the Can+AMF+75% RD treatment, while significant
decreases were observed for lower and higher fertilizer
doses (Figure 1).

The Biplot analysis indicated that the first two components
accounted for a significant percentage of the experimental variance
(Figure 2). Specifically, the first component explained 76% of the
variance and displayed strong correlation coefficients with all
Canavalia and tobacco variables, except for the yield of tobacco
leaves of inferior grade, which exhibited high correlation coefficients

with the second component.
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TABLE 3 Aboveground dry biomass production and nutrient (NPK)
uptake by Canavalia and fallow vegetation in the different treatments at
the time of Canavalia cutting and fallow.

Treatm-  Dry mass Total nutrient absorption

ents  (Mgha™) (kg ha™)

Total I\ P205 Kzo

Can+AMF 425 ¢ 1316 ¢ 18.76 b 98.42 ¢
+50% RD
Can+AMF 6.09 a 209.93 a 27.02a 14056 a
+75% RD
Can+AMF 6.00 a 194.95 a 2555a 132.58 a
+100% RD
Can 4.08 ¢ 126.98 ¢ 1393 ¢ 90.16 ¢
+50% RD
Can 4.06 116.83 ¢ 12.88 ¢ 89.53 ¢
+75% RD
Can 5.18b 164.92 b 17.29 be 116.76 b
+100% RD
Fallow 221d 36.56 d 4.05d 3417 d
+50% RD
Fallow 2454 3854 d 4424 4037 d
+75% RD
Fallow 244 d 3791d 5424 4293 d
+100% RD
SE X 0.11 7.03 1.05 4.10

Significant interaction Canavalia x fertilization. Means with different letters in the same
column differ from each other, according to Duncan’s test (p<0.05).
AMEF: G. cubense-INCAM-4.

Furthermore, the Can+AMF+75% RD treatment exhibited the
highest values for component 1, followed by the Can+AMF+100%
RD treatment, which were considerably distant from the other
treatments. Following closely were the Can+AMF+50% RD
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Effect of Canavalia-fertilization combinations on indicators of mycorrhizal performance in C. ensiformis. Significant Canavalia X fertilization
interaction. SE x colonization = 0.69***, and ES x spores = 5.7*. Means with different letters within the same data series differ significantly from each

other, as determined by Duncan's test (p< 0.05).
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FIGURE 2

Biplot diagram integrating the evaluated variables in tobacco and canavalia.

treatment and the treatments involving Canavalia without
inoculation. Among these the latter, the treatment that received
100% RD displayed the most favorable results, indicating a notable
response to fertilization.

Canavalia treatments without inoculation were positioned in
the first quadrant, which suggests the significant influence of
component 2 on them. This association was related to higher
values of leaves in inferior grades.

Lastly, treatments that exclusively received mineral fertilization
exhibited the lowest values for component 1, with the treatment
receiving 100% fertilization achieving the most favorable outcome.
The different years showed proximity to each other, indicating
minimal variations among them.

The univariate analyses indicated a significant maximum-order
interaction (Canavalia x fertilization x years) for dry biomass, yield of
superior leaves grade, and mycorrhizal colonization percentage. In the
case of fresh biomass, chlorophyll content, total yield, yield in inferior

leaves grade, and percentages in superior leaves grade, only the
Canavalia x fertilization interaction factors were significant (p< 0.05).
The leaf length responded solely to the Canavalia and fertilization
factors, while the leaf width did not exhibit a response to any of the
factors. Nonetheless, the highest values were consistently associated
with the Canavalia plus AMF treatments.

In the case of dry biomass, yield of superior leaves grade
(Table 4), and fresh total yield (Table 5), the Can+AMF+75% RD
treatment presented higher means. Notably, Can+AMF+75% RD
yields were higher than the values associated with the Can+AMF
+50% RD treatment, and they did not exhibit significant differences
when compared to the Can+AMF+100% RD treatment. The
superior grade yield increased 42,6% compared to fallow 100%
RD from the three seasons. In general, neither Can nor AMF
inoculation significantly affected the total yield of tobacco leaves
(superior grade + inferior grade). However, the specific yield of
superior leaf grade was significantly higher, with an increase of

TABLE 4 Effect of Canavalia and fertilization combinations in each year on dry biomass and yield of Superior tobacco grade (g/plant).

Treatments Dry Biomass (g ha™) Yield superior grade (kg ha™)

Year 2 Year 1 Year 2 Year 3
Can+AMF+50% RD 355 ab 33,0b 329¢ 1244.1 be 1260.5 be 1213.8 bed
Can+AMF+75% RD 36,5 a 36,5 a 375a 1507,5 a 14525 a 1493.8 a
Can+AMF+100% RD 363 ab 355a 36.4 ab 1393 ab 1374.6 abc 1317.8 ab
Can+50% RD 35.6 ab 343 ab 343 be 11558 ¢ 1214,78 ¢ 11254 cd
Can+75% RD 36,7 a 349 ab 35.7 ab 1218.7 be 1259.7 be 1308.6abc
Can+100% RD 34,1 b 3564 36.6 ab 1191.6 be 1413.9 ab 1351.9 ab
Fallow+50% RD 2354d 263 ¢ 24,7 d 1087,8 ¢ 943,0 d 1098.7 d
Fallow+75% RD 23,84 26,5 ¢ 244 d 838,6d 1068,5 d 1055.4 d
Fallow+100% RD 320 ¢ 329b 328b 1058,0 ¢ 966.7d 11106 d
SE (AxBxC) 0.605* 49.59*

Interaction Canavalia x fertilization x years significant. * significance of p< 0.05; *** significance at p< 0.001. Means with different letters in the same column differ from each other, according to

Duncan’s test (p<0.05).
Partition of Canavalia x fertilization x years (AxBxC) interaction.
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TABLE 5 Effect of combinations of Canavalia and fertilization factors on fresh biomass, total and inferior grade leaves yield of dark tobacco.

Treatments Total yield (kg ha™) Percentage of supe- Inferior grade leaves Combustibility

rior grade leaves (kg ha™) (Seconds)
Can+AMF+50% RD 1996,8 b 62,2 be 757,3 be 28,50
Can+AMF+75% RD 21734 a 68,4 a 688,8 cd 29,67
Can+AMF+100% RD 21289 a 64,0 b 766,8 be 30,00
Can+50% RD 1999,4 b 58,4 ¢ 834,2 ab 28,75
Can+75% RD 2096,6 ab 60,4 be 901,0 a 27,13
Can+100% RD 2098,6 ab 60,9 be 820,6 b 29,25
Fallow+50% RD 18219 ¢ 57,8 6734 d 25,17
Fallow+75% RD 1893,5 ¢ 52,5 d 906,1 a 26,50
Fallow+100% RD 1716,5 61,1 be 777,0 b 26,67
SE (AxB) 31.62% L12% 22.24%%

Significant Canavalia x fertilization interaction** significance at p< 0.01; ***significance at p< 0.001. Unequal letters in each column lead to significant differences between treatments by Duncan’s

test (p<0.05).

20.49% for Can and 32.82% for Can+AMF compared to fallow
treatments (Table 5).

From 2018 to 2022, Tobacco yields from all treatments with
Canavalia demonstrated significantly higher values than treatments
without Canavalia. Intermediate fertilization doses produced the
highest yield values in pre-treated plots with Canavalia. Tobacco
yields from Non-inoculated Canavalia treatments presented
significant differences (p< 0.05) in contrasting fertilization rates.

On the contrary, yields of the inferior grade leaves from
treatments with non-inoculated Canavalia showed the highest
values, while the Fallow+50% RD treatment had the lowest
values. All treatments exceeded 20 seconds regarding tobacco leaf
combustibility, which meets the quality standard (Torrecilla et al,
2012) and is considered excellent.

Regarding leaf length, the highest yield values were observed
when Can+AMF+75% RD fertilization (data not shown).

Furthermore, the highest percentages (p< 0.05) of mycorrhizal
colonization in tobacco were consistently recorded in the Can
+AMF+75% RD treatment across all years (Table 6). Moreover,
the mycorrhizal colonization average increased by 110.06%
compared to Fallow+100% RD. Treatments with Can+AMF as a
precedent presented lower values, although mycorrhizal
colonization was significantly higher than those treatments using
non-inoculated Canavalia as a precedent, which were higher than
fallow preceded tobacco cultivation. Additionally, there was a direct
and linear relationship between the percentage of mycorrhizal
colonization in tobacco and yield (R? = 64%).

At the fourth season, soil analyses (Table 7) indicated that using
Canavalia in preparation for tobacco crops, whether inoculated or
not with AMF, led to significant increases in the organic matter
content, calcium (Ca), magnesium (Mg), and exchangeable
potassium (K). Moreover, Canavalia-treated plots exceeded the
initial soil conditions (Table 1). There were no significant
differences in pH levels, and the available phosphorus (P)
contents did not exhibit significant variations relative to the
initially high levels.
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4 Discussion

This study indicated that Canavalia and tobacco associated with
mycorrhizae positively respond to the inoculation of efficient AMF
(arbuscular mycorrhizal fungi) strains. Several authors have reported
positive effects in both crops, resulting in satisfactory mycorrhizal activity
and enhanced potential of Canavalia as a green manure (Martin Alonso
etal, 2012; Simo Gonzalez et al,, 2016). Additionally, AMF inoculations
had enhanced tobacco yield (Subhashini, 2013).

The results highlight the positive impact of using Canavalia
ensiformis as a precursor for tobacco cropping (Guerra et al,, 2006;
Espino et al., 2012), with these benefits further enhanced by inoculating

TABLE 6 Effect of combinations of Canavalia and fertilization factors in
each year on mycorrhizal colonization (%).

Treatments Year 1 Year 2 Year 3
Can+AMF 49,65 b 52,22 b 48.54 be
+50% RD

Can+AMF 5325a 58,12 a 558 a
+75% RD

Can+AMF 50.64 ab 51,25 b 50,31 b
+100% RD

Can+50% RD 40,33 ¢ 41,76 d 44.08 ef
Can+75% RD 49,42 b 48,56 ¢ 41,57 e
Can+100% RD L24c 39,11 d 46.06 cd
Fallow+50% RD 24,61 e 26,44 ¢ 23,57 f
Fallow+75% RD 2581 e 22,34 f 23,56 f
Fallow+100% RD 29.2d 28,51 e 19,58 g
SE (AXBxC) 117

Significant interaction of Canavalia, Fertilization, and Years (*** indicates significance at
p< 0.001). Unequal letters in each column indicate significant differences between treatments,
as determined by Duncan’s test (p<0.05).

Partition of Canavalia x fertilization x years (AxBxC) interaction.
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TABLE 7 Effect of Canavalia applications on some soil chemical properties (0-20 cm depth) at the end of the four campaigns.

Treatments

Canavalia+ AMF 5.52 +0.23 ‘ 40.0 £ 1.5 ‘ 18.7 £ 0.5 ‘ 422 %037 1.93 £0.32 0.49 £ 0.01
Canavalia 5.63 + 0.25 ‘ 40.0 £ 1.65 ‘ 182 +0.3 ‘ 4.17 £ 0.27 1.98 +0.24 0.49 + 0.01
Fallow 5.38 +0.18 ‘ 38.0 + 1.05 ‘ 145+ 0.3 ‘ 3.47 +0.04 1.54 +£0.03 0.45 + 0.01

CI confidence interval at p<0.05.

Canavalia. This study recorded that AMF inoculations resulted in
higher biomass production, increased nutrient content, and enhanced
yields of superior-grade leaves, even with lower fertilizer doses.
Furthermore, the Canavalia treatments showed enhanced mycorrhizal
activity, reaching colonization values approaching 60%, demonstrating
strong mycorrhizal performance, as commonly observed in most crops
(Rivera et al., 2023). However, additional benefits associated with
mycorrhizal inoculation of Canavalia require further research on soil
properties (Rivera et al., 2007).

It’s important to note in this study that although non-
inoculated Canavalia increased the ‘resident’ mycorrhiza and thus
the mycorrhization of subsequent tobacco crops, it was not
completely effective and showed lower performance compared to
when Canavalia was inoculated. These results align with the
findings of other authors (Sanchez et al., 2009; Rivera et al,
2010), who evaluated several species of non-inoculated green
manures in different soil conditions and reported that although
mycorrhization of the successional crop increased, it was not fully
effective in enhancing crop yield.

Consistent with our findings, several publications have reported
the positive impact of C. ensiformis, when inoculated with efficient
AMF strains. Enhanced yield, nutritional status, mycorrhizal
functioning, and fertilizers uptake efficiency for different
succeeding crops had been reported (Martin Alonso et al., 2012;
Simo6 Gonzalez et al,, 2016; Jodo et al., 2017). This is in agreement
with the effectiveness of C. ensiformis as a precursor for the
successful mycorrhization of subsequent crops. More previous
studies have indicated a lasting effect of the applied inoculant on
the first crop of the succession, with intervals of no more than 30
days between the harvest of the inoculated crop and the planting of
the succeeding crop (Martin Alonso et al., 2012; Sim6 Gonzalez
et al,, 2016; Espinosa et al., 2018), a similar condition in our study.

While the use of C. ensiformis as a precursor offers multiple
benefits to the agrosystem, including soil cover and increased
organic matter content, soil aggregation, and biological activity
(Cherr et al., 20065 Guerra et al.,, 2006). Canavalia’s contribution to
the growth and yield of tobacco has been associated with
Canavalia’s role in providing nitrogen (N,) and recycling
nutrients present in its biomass (Ambrosano et al, 2013; Viola
et al., 2013). Green manure nutrients undergo a gradual
mineralization process, and in conjunction with mineral
fertilization applied to the crop, they provide the tobacco’s
nutrient requirements. This is especially critical in sandy loam
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soils, which are prone to nutrient leaching (Garcia Rubido
et al., 2015).

The benefits associated with Canavalia are further enhanced
with the inoculation of efficient AMF strains. AMF increases the
advantages linked to Canavalia growth and nutrient recycling and
promotes more efficient biological nitrogen fixation (Larimer et al.,
2014; Bulgarelli et al., 2017). Most importantly, AMF inoculations
lead to effective mycorrhization of tobacco.

The higher yields with lower fertilizer doses can be attributed to
the positive interaction between mycorrhizae and plant nutrition in
the presence of organic residues. This interaction has been reported
to increase the mineralization of residues by the microbiota in the
mycorrhizosphere (Hodge and Storer, 2015; Bukovska et al., 2018).
While some authors emphasized the enhancements in nitrogen
absorption, once Canavalia biomass decomposes, its various
nutrients become available for the crop root system. This is
further facilitated by more efficient and rapid nutrient utilization
from inoculated Canavalia. More, enhanced mycorrhizae activity, as
reported in this study, has also been related to a greater length and
number of mycorrhizal hyphae (Hodge and Fitter, 2010; Thirkell
et al., 2016; Bukovska et al., 2018), and an increased quantity of
mycorrhizal roots (Cheng et al., 2016).

Higher mycorrhizal activity typically results in a reduction of
fertilizers. However, when high doses of fertilizers are applied,
mycorrhizae growth may decline or be inhibited, and low fertilizer
doses may not lead to optimal mycorrhizal functioning (Rivera et al.,
2007, Rivera et al, 2020). Specifically, the utilization of the Can+AMF
+75% RD treatment yielded the highest mycorrhizal colonization
percentages and demonstrated the best overall performance in all
variables, except for the yield of inferior-grade leaves (Bilalis et al,
2015). Lower and higher fertilizer doses in the presence of Canavalia
inoculated with AMF led to a decrease in mycorrhizal activity,
indicating that this dose was optimal for mycorrhizal development
and the associated benefits. Higher percentages of superior-grade leaf
yields were achieved with this treatment, suggesting improved
nutrition and greater physiological efficiency in tobacco plants.

The fallow plot results elucidate the impact of tobacco fertilization
on Canavalia’s growth and development while endorsing this
experimental approach’s effectiveness in establishing the treatments’
medium-term effects. The increases in soil organic matter and
exchangeable cations, along with the sustained availability of
phosphorus (P) and potassium (K), are additional benefits derived
from this soil management strategy (Chu et al., 2020; Etesami et al,

frontiersin.org


https://doi.org/10.3389/fagro.2024.1386656
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Ponce de Leon et al.

2021; Shi et al,, 2021). These benefits undoubtedly contribute to soil
fertility improvement, reassuring that the proposed reduction in
fertilizers will not lead to medium-term disadvantages, thereby
enhancing agrosystem sustainability.

The high yields achieved, surpassing previous reports for the
same tobacco varieties (Espino et al, 2012), in the presence of
moderate fertilizer doses, promote the economic and environmental
viability of employing Canavalia inoculated with efficient AMF
strains as a precursor for tobacco. Consequently, it should be
considered an integral component of crop production technology.

5 Conclusions

The use of C. ensiformis treated with an inoculum based on an
efficient AMF strain (Glomus cubense; INCAM-4) as a precursor for
tobacco cultivation not only leads to increased biomass production
and nutrient availability in Canavalia but also provides an effective
means of mycorrhization for the subsequent economic crop. The
mycorrhizal activity in tobacco roots, coupled with the enhanced
nutrient recycling from the inoculated Canavalia, resulted in greater
fertilization efficiency and higher yields of superior grade and total
tobacco leaves. In this case, only 75% of the recommended mineral
fertilizer dose is required. This is in contrast to the fallow and
mineral fertilization employed or when non-inoculated C.
ensiformis is used. After four years of evaluations, soil properties
showed improvements in soil organic matter and exchangeable
cations while maintaining adequate available phosphorus levels,
demonstrating that the 25% reduction in fertilization does not
negatively impact soil fertility. Therefore, incorporating this
nutrition strategy into tobacco crop production technology is
highly recommended, and further studies should confirm the
effects on different edaphoclimatic conditions.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

References

Ambrosano, E. J., Cantarella, H., Rossi, F., Schammass, E. A., Silva, E. C.,
Ambrosano, G. M. B,, et al. (2013). Desempenho de adubos verdes e da primeira
soqueira de cana-de-ac,ucar’ cultivados consorciadamente. Rev. Bras. Agroecologia 8.

Araujo, G. R., Augusto de Paiva, F. G., Vaz, V., da Costa Lima, A., Spolidorio, E. S.,
and Mendes, K. F. (2024). Canavalia ensiformis enhances the phytoremediation of
remineralized and sulfentrazonecontaminated tropical soils. Chemosphere 348, 140725.
doi: 10.1016/j.chemosphere.2023.140725

Asghar, W, and Kataoka, R. (2021). Green manure incorporation accelerates enzyme
activity, plant growth, and changes in the fungal community of soil. Arch. Microbiol.
204, 7. doi: 10.1007/500203-021-02614-x

Barbieri, P., Starck, T., Voisin, A.-S., and Nesme, T. (2023). Biological nitrogen
fixation of legumes crops under organic farming as driven by cropping management: A
review. Agric. Syst. 205, 103579. doi: 10.1016/j.agsy.2022.103579

Begum, N., Akhtar, K., Ahanger, M. A, Igbal, M., Wang, P., Mustafa, N. S,, et al.
(2021). Arbuscular mycorrhizal fungi improve growth, essential oil, secondary
metabolism, and yield of tobacco (Nicotiana tabacum L.) under drought stress

Frontiers in Agronomy

10.3389/fagro.2024.1386656

Author contributions

DPdL: Formal analysis, Visualization, Writing - review &
editing, Conceptualization, Methodology, Writing - original draft.
MGR: Conceptualization, Visualization, Writing — review & editing,
Funding acquisition, Investigation, Resources, Writing - original
draft. RR: Conceptualization, Funding acquisition, Investigation,
Methodology, Resources, Writing - original draft. DM-C:
Visualization, Writing - review & editing. YG: Visualization,
Writing - review & editing, Data curation, Formal analysis.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
research was funded thanks to the Science and Innovation
(FONCI) of Cuba for financial support for the execution of this
research under the FONCI 56-2016 project. The authors also
acknowledge the financial support from the State University of
Santa Elena Peninsula for the publication of this article, charged to
budget item 530204 from the institution’s research fund.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

conditions. Environ. Sci. Pollut. Res. 28, 45276-45295. doi: 10.1007/s11356-021-
13755-3

Begum, N., Wang, L., Ahmad, H., Akhtar, K., Roy, R., Khan, M. I, et al. (2022). Co-
inoculation of arbuscular mycorrhizal fungi and the plant growth-promoting
rhizobacteria improve growth and photosynthesis in tobacco under drought stress by
up-regulating antioxidant and mineral nutrition metabolism. Microbial Ecol. 83, 971—
988. doi: 10.1007/500248-021-01815-7

Ben-Laouane, R., Ait-El-Mokhtar, M., Anli, M., Boutasknit, A., Ait Rahou, Y.,
Raklami, A, et al. (2021). Green compost combined with mycorrhizae and rhizobia:
A strategy for improving alfalfa growth and yield under field conditions. Gesunde
Pflanzen. 73, 193-207. doi: 10.1007/s10343-020-00537-z

Bilalis, D., Karkanis, A., Angelopoulou, F., Travlos, I, Antoniadis, A., Ntatsi, G., et al.
(2015). Effect of organic and mineral fertilization on root growth and mycorrhizal
colonization of pea crops (Pisum sativum L.). Bulletin of university of agricultural
sciences and veterinary medicine cluj-napoca. Horticulture. 72, 288-294. doi: 10.15835/
buasvmen-hort:11497

frontiersin.org


https://doi.org/10.1016/j.chemosphere.2023.140725
https://doi.org/10.1007/s00203-021-02614-x
https://doi.org/10.1016/j.agsy.2022.103579
https://doi.org/10.1007/s11356-021-13755-3
https://doi.org/10.1007/s11356-021-13755-3
https://doi.org/10.1007/s00248-021-01815-7
https://doi.org/10.1007/s10343-020-00537-z
https://doi.org/10.15835/buasvmcn-hort:11497
https://doi.org/10.15835/buasvmcn-hort:11497
https://doi.org/10.3389/fagro.2024.1386656
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Ponce de Leon et al.

Bukovska, P., Bonkowski, M., Konvalinkova, T., Beskid, O., Hujslova, M., Piischel,
D, et al. (2018). Utilization of organic nitrogen by arbuscular mycorrhizal fungi—is
there a specific role for protists and ammonia oxidizers? Mycorrhiza. 28, 269-283.
doi: 10.1007/s00572-018-0825-0

Bulgarelli, R. G., Marcos, F. C. C,, Ribeiro, R. V., and de Andrade, S. A. L. (2017).
Mycorrhizae enhance nitrogen fixation and photosynthesis in phosphorus-starved
soybean (Glycine max L. Merrill). Environ. Exp. Bot. 140, 26-33. doi: 10.1016/
j.envexpbot.2017.05.015

Cheng, L., Chen, W., Adams, T. S., Wei, X,, Li, L., McCormack, M. L., et al. (2016).
Mycorrhizal fungi and roots are complementary in foraging within nutrient patches.
Ecology. 97, 2815-2823. doi: 10.1002/ecy.1514

Cherr, C. M, Scholberg, J. M. S., and McSorley, R. (2006). Green manure approaches
to crop production. Agron. J. 98, 302-319. doi: 10.2134/agronj2005.0035

Chu, Q., Zhang, L., Zhou, J., Yuan, L., Chen, F., Zhang, F., et al. (2020). Soil plant-
available phosphorus levels and maize genotypes determine the phosphorus acquisition
efficiency and contribution of mycorrhizal pathway. Plant Soil. 449, 357-371.
doi: 10.1007/s11104-020-04494-4

Dai, P., Cong, P., Wang, P., Dong, J., Dong, Z., and Song, W. (2021). Alleviating soil
acidification and increasing the organic carbon pool by long-term organic fertilizer on
tobacco planting soil. Agronomy. 11(11):2135. doi: 10.3390/agronomy11112135

Dong, N., Hu, G., Zhang, Y., Qi, J., Chen, Y., and Hao, Y. (2021). Effects of green-
manure and tillage management on soil microbial community composition, nutrients
and tree growth in a walnut orchard. Sci. Rep. 11, 16882. doi: 10.1038/541598-021-
96472-8

Espino, M., Espino, E.Instituto de Investigaciones del Tabaco, Grupo Empresarial del
Tabaco de Cuba and Ministerio de la Agricultura (2012). Catalogo de variedades
comerciales de tabaco Cubano (Artemisa, Cuba).

Espino, E., Uriarte, B., Cordero, P., Rodriguez, N., Izquierdo, A., Blanco, L., et al.
(2012). Instructivo técnico para el cultivo del tabaco en Cuba. Ministerio de la
Agricultura. Instituto Investigaciones del Tabaco 148.

Espinosa, C., Rivera, E., Ruiz, M., Espinosa, C., and Lago, G. (2018). Inoculacion
micorrizica de cultivos precedentes: via para micorrizar eficientemente el boniato
(ipomoea batata lam). Cultivos Tropicales 39, 51-54.

Etesami, H., Jeong, B. R, and Glick, B. R. (2021). Contribution of arbuscular
mycorrhizal fungi, phosphate-solubilizing bacteria, and silicon to P uptake by plant.
Front. Plant Sci. 12. doi: 10.3389/fpls.2021.699618

Fernandez, F., Gémez, R, Vanegas, L., de la Noval, B., and Martinez, M. (2000).
CU22641 - Producto inoculante micorrizogeno. Patent No. 22641.

Fernandez, R. C.,, Roges, C. L. Y., Hernandez, P. F. R, Guardiola, P. J. M., Cuervo, F.
M., and Suarez, G. C. (2004). Instructivo técnico para el acopio y beneficio del tabaco
negro al sol ensartado. Instituto Investigaciones del tabaco.

Garcia Rubido, M., Ponce de Leon, D., Acosta Aguiar, Y., and Martinez Acosta, L.
(2015). Influencia de la Canavalia ensiformis (L). D.C en la actividad biologica y
distribucion de los agregados del suelo en un area dedicada al cultivo del tabaco. Rev.
Cienc. Tecnicas Agropecuarias 24, 59-64.

Gerdemann, J., and Nicolson, T. H. (1963). Spores of mycorrhizal endogone species
extracted from soil by wet sieving and decanting. Trans. Br. Mycological Soc. 46, 235~
244. doi: 10.1016/S0007-1536(63)80079-0

Guardiola, J., Torres, M., Hernandez, P., and Cuervo, F. (2004). Instructivo técnico
para el procedimiento y evaluacion de la combustibilidad del tabaco Cubano.
SEDAGRI-AGRINFOR. La Habana Cuba.

Guerra, J., Gonzalez, Y., Rubido, M., and Barrera, O. (2006). Alternancia de cultivos
en los suelos dedicados al tabaco negro en Pinar del Rio. Cuba Tabaco 7, 3-8.

Gujre, N., Soni, A., Rangan, L., Tsang, D. C,, and Mitra, S. (2021). Sustainable
improvement of soil health utilizing biochar and arbuscular mycorrhizal fungi: A
review. Environ. Pollut. 268, 115549. doi: 10.1016/j.envpol.2020.115549

Hamel, C.,, and Plenchette, C. (2017). “Chapter 10 - implications of past, current, and
future agricultural practices for mycorrhiza-mediated nutrient flux,” in Mycorrhizal
mediation of soil. Eds. N. C. Johnson, C. Gehring and J. Jansa (Elsevier), 175-186.
doi: 10.1016/B978-0-12-804312-7.00010-3

Hodge, A., and Fitter, A. H. (2010). Substantial nitrogen acquisition by arbuscular
mycorrhizal fungi from organic material has implications for N cycling. Proc. Natl.
Acad. Sci. 107(31):13754-59. doi: 10.1073/pnas.1005874107

Hodge, A., and Storer, K. (2015). Arbuscular mycorrhiza and nitrogen: implications for
individual plants through to ecosystems. Plant Soil. 386, 1-19. doi: 10.1007/s11104-014-2162-1

Javanmard, A., Amani Machiani, M., Haghaninia, M., Pistelli, L., and Najar, B.
(2022). Effects of green manures (in the form of monoculture and intercropping),
biofertilizer and organic manure on the productivity and phytochemical properties of
peppermint (Mentha piperita L.). Plants. 11(21):2941. doi: 10.3390/plants11212941

Jiang, Y., Zhang, R., Zhang, C,, Su, J., Cong, W.-F., and Deng, X. (2022). Long-term
organic fertilizer additions elevate soil extracellular enzyme activities and tobacco
quality in a tobacco-maize rotation. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.973639

Jodo, J. P., Rivera-Espinosa, R., Martin-Alonso, G., Riera-Nelson, M., and Simo-
Gonzalez, J. (2017). Sistema integral de nutricion con HMA, abonos verdes y
fertilizantes minerales en Manihot esculenta Crantz. Cultivos Tropicales. 38, 117-128.

Frontiers in Agronomy

10.3389/fagro.2024.1386656

Kashyap, P. L., Srivastava, A. K., Tiwari, S. P., and Kumar, S. (2018). Microbes for
climate resilient agriculture (Hoboken, NJ: Wiley). doi: 10.1002/9781119276050

Kassam, A., Basch, G., Friedrich, T., Shaxson, F., Goddard, T., Amado, T.J. C., et al.
(2013). “Sustainable soil management is more than what and how crops are grown,” in
Principles of sustainable soil management in agroecosystems. Eds. R. Lal and B. Stewart
(CRC Press), 354-417. doi: 10.1201/b14972-18

Krishna, S. K., Reddy, S., Singh, K. D., Rao, R. S., Kumar, P. H., and Krishnamurthy,
V. (2007). Yield, quality and economics of fcv tobacco (nicotiana tabacum) in relation
to preceding crops and nitrogen fertilization in vertisols. Indian J. Agron. 52, 212-215.
doi: 10.59797/ija.v52i3.4926

Larimer, A. L., Clay, K., and Bever, J. D. (2014). Synergism and context dependency
of interactions between arbuscular mycorrhizal fungi and rhizobia with a prairie
legume. Ecology. 95, 1045-1054. doi: 10.1890/13-0025.1

Li, J., Cai, B., Chang, S., Yang, Y., Zi, S., and Liu, T. (2023). Mechanisms associated
with the synergistic induction of resistance to tobacco black shank in tobacco by
arbuscular mycorrhizal fungi and -aminobutyric acid. Front. Plant Sci. 14. doi: 10.3389/
1pls.2023.1195932

Li, P, Jia, L, Chen, Q., Zhang, H., Deng, J., Lu, J., et al. (2024). Adaptive evaluation
for agricultural sustainability of different fertilizer management options for a green
manure-maize rotation system: Impacts on crop yield, soil biochemical properties and
organic carbon fractions. Sci. Total Environ. 908, 168170. doi: 10.1016/
j.scitotenv.2023.168170

Li, Z., Wu, S, Liu, Y., Yi, Q., You, F,, Ma, Y, et al. (2022). Arbuscular mycorrhizal
symbiosis enhances water stable aggregate formation and organic matter stabilization
in fe ore tailings. Geoderma. 406, 115528. doi: 10.1016/j.geoderma.2021.115528

Lisuma, J., Mbega, E., and Ndakidemi, P. (2020). Influence of tobacco plant on
macronutrient levels in sandy soils. Agronomy. 10(3):418. doi: 10.3390/
agronomy10030418

Martin Alonso, G. M., Rivera Espinosa, R., Arias Pérez, L., and Pérez Diaz, A. (2012).
Respuesta de la Canavalia ensiformis a la inoculacion micorrizica con Glomus cubense
(cepa INCAM-4), su efecto de permanencia en el cultivo del maiz. Cultivos Tropicales.
33, 20-28.

Mishra, J., and Arora, N. K. (2016). “Bioformulations for plant growth promotion
and combating phytopathogens: A sustainable approach,” in Bioformulations: for
sustainable agriculture. Eds. N. K. Arora, S. Mehnaz and R. Balestrini (Springer
India, New Delhi), 3-33. doi: 10.1007/978-81-322-2779-3_1

Mosquera, M. P., Reyes, O. E. S, Prager, M. S., Gallego, J. M., Sanchez,, and D, L
(2012). Abonos verdes: Tecnolog’ia para el manejo agroecologico de los cultivos.
Agroecologia 7, 53-62.

NRAG 193 (2011). Norma Ramal de la Agricultura. Semillas de frijoles y habichuelas
(Phaseolus vulgaris L.). Registro de Certificacion. La Habana, Cuba: Registro de
Certificacién. Norma ramal, Ministerio de la Agricultura.

Palmero, F., Fernandez, J. A., Garcia, F. O., Haro, R. ], Prasad, P. V., Salvagiotti, F.,
etal. (2022). A quantitative review into the contributions of biological nitrogen fixation
to agricultural systems by grain legumes. Eur. J. Agron. 136, 126514. doi: 10.1016/
j.ja.2022.126514

Rayne, N., and Aula, L. (2020). Livestock manure and the impacts on soil health: A
review. Soil Syst. 4, 64. doi: 10.3390/soilsystems4040064

Rivera, R., Fernandez, F., Fernandez, K., Ruiz, L., Sanchez, C., and Riera, M. (2007).
“Advances in the management of effective arbuscular mycorrhizal symbiosis in tropical
ecosystems,” in Mycorrhizae in crop production. Eds. C. Hamel and C. Plenchette
(Haworth Press), 151-196. doi: 10.1201/9781482277845-12

Rivera, R., Gonzalez, P., Ruiz, L., Martin, G., and Cabrera, A. (2023). “The strategic
combination of mycorrhizal inoculants, fertilizers and green manures improve crop
productivity. A review of Cuban research,” in New research on mycorrhizal fungus
(Nova science publishers, inc.), vol. 1 of microbiology research advances., Ist edition,
208.

Rivera, R. A., Martin, G. M., Simo, J. E., Penton, G., Garcia-Rubido, M., Ramirez, J. F.,
et al. (2020). Benefits of joint management of green manure and mycorrhizal inoculants
in crop production. Trop. Subtropical Agroecosystems. 23. doi: 10.56369/tsaes.3294

Rivera, R., Sanchez, C., Caballero, D., Cupull, R., Gonzalez, C., and Urquiaga, S.
(2010). Abonos verdes e inoculacion micorrizica de posturas de cafeto sobre suelos
Fersial ‘iticos Rojos Lixiviados. Cultivos Tropicales. 31, 00-00.

Rodriguez, Y., Dalpé, Y., Séguin, S., Fernandez, K., Fernandez, F., and Rivera, R.
(2012). Glomus cubense sp. nov., an arbuscular mycorrhizal fungus from Cuba.
Mycotaxon 118, 337-347. doi: 10.5248/118.337

Rodriguez Yon, J., Arias Pérez, L., Medina Carmona, A., Mujica Pérez, Y., Medina
Garcia, L. R, Fernandez Suarez, K., et al. (2015). Alternativa de la técnica de tincion
para determinar la colonizacion micorrizica. Cultivos Tropicales. 36, 18-21.

Sanchez, C., Caballero, D., Cupull, R., Gonzalez, C., Rivera, R,, and Urquiaga, S.
(2009). Los abonos verdes y la inoculacion micorrizica de plantulas de Coffea arabica
sobre suelos Cambisoles Gléyicos. Cultivos Tropicales. 30, 25-30.

Shi, S., Luo, X, Dong, X,, Qiu, Y., Xu, C, and He, X. (2021). Arbuscular
Mycorrhization Enhances Nitrogen, Phosphorus and Potassium Accumulation in
Vicia faba by Modulating Soil Nutrient Balance under Elevated CO2. J. Fungi. 7,
361. doi: 10.3390/jof7050361

frontiersin.org


https://doi.org/10.1007/s00572-018-0825-0
https://doi.org/10.1016/j.envexpbot.2017.05.015
https://doi.org/10.1016/j.envexpbot.2017.05.015
https://doi.org/10.1002/ecy.1514
https://doi.org/10.2134/agronj2005.0035
https://doi.org/10.1007/s11104-020-04494-4
https://doi.org/10.3390/agronomy11112135
https://doi.org/10.1038/s41598-021-96472-8
https://doi.org/10.1038/s41598-021-96472-8
https://doi.org/10.3389/fpls.2021.699618
https://doi.org/10.1016/S0007-1536(63)80079-0
https://doi.org/10.1016/j.envpol.2020.115549
https://doi.org/10.1016/B978-0-12-804312-7.00010-3
https://doi.org/10.1073/pnas.1005874107
https://doi.org/10.1007/s11104-014-2162-1
https://doi.org/10.3390/plants11212941
https://doi.org/10.3389/fpls.2022.973639
https://doi.org/10.1002/9781119276050
https://doi.org/10.1201/b14972-18
https://doi.org/10.59797/ija.v52i3.4926
https://doi.org/10.1890/13-0025.1
https://doi.org/10.3389/fpls.2023.1195932
https://doi.org/10.3389/fpls.2023.1195932
https://doi.org/10.1016/j.scitotenv.2023.168170
https://doi.org/10.1016/j.scitotenv.2023.168170
https://doi.org/10.1016/j.geoderma.2021.115528
https://doi.org/10.3390/agronomy10030418
https://doi.org/10.3390/agronomy10030418
https://doi.org/10.1007/978-81-322-2779-3_1
https://doi.org/10.1016/j.eja.2022.126514
https://doi.org/10.1016/j.eja.2022.126514
https://doi.org/10.3390/soilsystems4040064
https://doi.org/10.1201/9781482277845-12
https://doi.org/10.56369/tsaes.3294
https://doi.org/10.5248/118.337
https://doi.org/10.3390/jof7050361
https://doi.org/10.3389/fagro.2024.1386656
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

Ponce de Leon et al.

Sifola, M. 1., Cozzolino, E., Di Mola, L., Ottaiano, L., del Piano, L., and Mori, M.
(2022). Yield and quality of three cultivars of dark fire-cured (kentucky) tobacco
(nicotiana tabacum 1.) subjected to organic (compost) and mineral nitrogen
fertilization. Agronomy. 12(2):483. doi: 10.3390/agronomy12020483

Simo Gonzalez, J. E., Rivera Espinosa, R., Ruiz Martinez, L. A., and Espinosa Cuellar,
E. (2016). Necesidad de reinoculacion micorrizica en el trasplante del banano en areas
con precedente de canavalia inoculada con hma. Centro Agricola. 43, 28-35.

Sousa, F. F,,d.,, D. L., d. S,,J. E., Urquiaga, S., and Santos, R. H. S. (2016). Legumes as
green manure for common bean cultivated in two growing seasons at southeast Brazil.
Afr. J. Agric. Res. 11, 4953-4958. doi: 10.5897/AJAR2016.11689

Subhashini, D. V. (2013). Effect of bio-inoculation of AM fungi and PGPR on the
growth, yield and quality of FCV tobacco (Nicotiana tabacum) in vertisols. Indian J.
Agric. Sci. 83, 667-672.

Thirkell, T. J., Cameron, D. D., and Hodge, A. (2016). Resolving the ‘nitrogen
paradox’ of arbuscular mycorrhizas: fertilization with organic matter brings
considerable benefits for plant nutrition and growth. Plant Cell Environ. 39, 1683
1690. doi: 10.1111/pce.12667

Frontiers in Agronomy

11

10.3389/fagro.2024.1386656

Torrecilla, G., Cabrera, M., and Pérez, J. (2012). Principales descriptores para la
caracterizacion morfo-agronomica del género nicotiana. Cuba Tabaco. 13, 44-50.

Tso, T. C. (1990). Production, physiology, and biochemistry of tobacco plant
(IDEALS).

van der Heijden, M. G. A., Martin, F. M., Selosse, M.-A., and Sanders, L. R. (2015).
Mycorrhizal ecology and evolution: the past, the present, and the future. New Phytol.
205, 1406-1423. doi: 10.1111/nph.13288

Viola, R., Benin, G., Cassol, L. C., Pinnow, C., Flores, M. F., and Bornhofen, E. (2013).
Adubagao verde e nitrogenada na cultura do trigo em plantio direto. Bragantia. 72, 90—
100. doi: 10.1590/S0006-87052013005000013

Voltr, V., Mensik, L., Hlisnikovsky, L., Hruska, M., Pokorny, E., and Pospisilova, L.
(2021). The soil organic matter in connection with soil properties and soil inputs.
Agronomy. 11(4):779. doi: 10.3390/agronomy11040779

Willis, A., Rodrigues, B. F., and Harris, P. J. C. (2013). The ecology of arbuscular
mycorrhizal fungi. Crit. Rev. Plant Sci. 32, 1-20. doi: 10.1080/07352689.2012.
683375

frontiersin.org


https://doi.org/10.3390/agronomy12020483
https://doi.org/10.5897/AJAR2016.11689
https://doi.org/10.1111/pce.12667
https://doi.org/10.1111/nph.13288
https://doi.org/10.1590/S0006-87052013005000013
https://doi.org/10.3390/agronomy11040779
https://doi.org/10.1080/07352689.2012.683375
https://doi.org/10.1080/07352689.2012.683375
https://doi.org/10.3389/fagro.2024.1386656
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org

	Benefits of Canavalia ensiformis, arbuscular mycorrhizal fungi, and mineral fertilizer management in tobacco production
	1 Introduction
	2 Materials and methods
	2.1 Site description
	2.2 Experimental design and tobacco management
	2.3 Determinations performed on Canavalia ensiformis
	2.4 Tobacco yield and characteristics
	2.5 Statistical procedure

	3 Results
	4 Discussion
	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


