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ABSTRACT

In previous studies, we collected roots and soils associated with yam crops (Dioscorea rotundata Poir.) along
the Caribbean region of Colombia from which several strains of Azofobacter chroococcum and Azotobacter
vinelandii were identified, which in laboratory and nursery studies showed growth promotion activity in yam. In
this research, we obtained from Agrosavia two of these strains (A. chroococcum DBC12, A. vinelandii DBC9)
and evaluated their effect on yam yields and tuber quality under field conditions, in combination with four ni-
trogen levels (0, 50, 75 and 100% of the recommended N fertilization dose). In a first instance, in vitro tests
confirmed the N fixation capacity and the NH, production of both bacterial strains, while under field conditions,
the highest yields were obtained from treatments that combined the individual inoculation with strains A. ch-
roococcum DBC12 or A. vinelandii DBC9, with 50% of the recommended N fertilization level. On the other
hand, yam tubers were classified according to market quality, and the same treatments induced the production
of higher yields of first category or export-type tubers, suggesting that these two bacterial strains were also
able to improve tuber quality. From this study it was concluded that A. chroococcum DBC12, A. vinelandii
DBC9 strains have the potential for replacing up to 50% of the recommended N fertilization dose and present
potential as possible bio-inoculants, which could be an alternative for reducing levels of chemical nitrogen
fertilization, thus contributing to a more sustainable and competitive yam culture.
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RESUMEN

En estudios previos, realizamos una colecta de raices y suelos asociados a cultivos de fiame (Dioscorea
rotundata Poir) en la regién Caribe de Colombia, de los cuales se lograron aislar e identificar varias cepas de
Azotobacter chroococcum y Azotobacter vinelandii, que en estudios de laboratorio y casa de malla mostraron
promocién del crecimiento en plantas de fiame. Para la presente investigacion, se obtuvieron de AGROSAV-
IA, dos de estas cepas (A. chroococcum DBC12, A. vinelandii DBC9) y se evaluaron, bajo condiciones de
campo, sus efectos sobre los rendimientos y la calidad de los tubérculos de iame, en combinacién con la apli-
cacion de cuatro niveles de fertilizacion quimica con nitrégeno (0, 50, 75 and 100% de la dosis recomendada
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para el cultivo). Por un lado, en una primera prueba realizada bajo condiciones in vitro, se confirmé la capaci-
dad de fijacion de N y la produccion de NH, en ambas cepas de bacterias, mientras que, bajo condiciones de
campo, los mas altos rendimientos se obtuvieron con la combinacion de la inoculacion individual con las
cepas A. chroococcum DBC12 o A. vinelandii DBCY, y el 50% de la dosis recomendada de fertilizacion con
nitrégeno. Por otro lado, la clasificacién de los tubérculos de fiame de acuerdo con la calidad para el mercado,
indicaron que los mismos tratamientos indujeron la produccion de una mayor cantidad de tubérculos de prime-
ra categoria o calidad tipo exportacion, lo que sugiere que estas dos cepas de bacterias son efectivas para
mejorar también los aspectos de calidad de los tubérculos. De estos resultados, se concluye que las cepas
A. chroococcum DBC12 y A. vinelandii DBC9 tienen la potencialidad de reemplazar hasta el 50% de la dosis
recomendada de fertilizacion nitrogenada y presentan potencial como posibles bioinoculantes, lo que las con-
vierte en una alternativa para reducir los niveles de fertilizacién quimica, contribuyendo asi a una agricultura

mas sostenible y competitiva en el cultivo del iame.

Palabras claves: PGPR, rizobacterias, rendimiento y calidad de tubérculos.

INTRODUCTION

Yam comprises a group of climbing plant species, which
produce tubers or roots, some of which are edible and im-
portant for the food supply of many rural populations in the
world (Dumet and Ogunsola, 2008). Yam belongs to the
Dioscorea genus, being a very common plant crop in the
humid and sub-humid tropics, especially in Africa, West In-
dies, and in some parts of Asia, Central and South America.
There are about 600 species of yams registered, being D.
alata, D. bulbifera, D. cayenensis, D. esculenta, D. opos-
ita-japonica, D. nummularia, D. pentaphylla, D. rotundata
and D. trifida  the main species grown worldwide as edible
food (Siqueira, 2009). Some of the Dioscorea spp. species
have also been reported to have antioxidant capacity and a
high steroidal and sapogenin content, substances used in
the manufacture of oral contraceptives, sex hormones and
cortisone (Applezweig, 1977; Rodriguez, 2000).

One of the most cultivated species in the world is D. rotun-
data Poir, a highly appreciated species due to its importance
as a food source, high carbohydrate and starch content
(Bomer et al., 2018; Markson et al., 2010; Vashi et al., 2018).
Most yam crops and cultivated areas are concentrated in Af-
rican countries with approximately 96% of world production,
while America contributes approximately 2.64% to the global
world production. Colombia is second in production in the
Americas, with 381,468 tons per year (FAOSTAT, 2017). In
Colombia, yam is grown mainly in the Caribbean region by
small-holder farmers, for whom it is the main source of food,
income, and employment (Benitez et al., 2007).

At the present, there is an urgent need to intensify the
production of food for an increasing world population, but
at the same time, it is also necessary to promote a more
sustainable agriculture that protects natural resources. Ni-
trogen fertilization has been established as the main tool
to increase crop yields. However, the continuous increase
in fertilizer prices has made it unreachable for many rural
farmers, especially small-scale ones (Savci, 2012). One
alternative that has recently drawn great attention is the

production of biopreparations or bioproducts made up from
microorganisms, which in part replace the inputs of chemi-
cal origin. Some of these bioproducts are based on the use
of Plant Growth Promoting Rhizobacteria or PGPR. These
PGPR are bacteria that colonize the soil and establish a
relationship with the roots of plants, improving their abili-
ty to access nutrients (Chauhan et al., 2015). The mech-
anisms through which these bacteria stimulate growth of
many plants include biological fixation of atmospheric nitro-
gen (N,), production of phytohormones (auxin, i.e., Indole
acetic acid (IAA), cytokinins, gibberellins, abscisic acid),
solubilization of phosphate compounds in the soil, and the
production of antimicrobial substances (production of Iytic
enzymes, siderophores), among others (Chauhan et al.,
2015; Compant et al., 2005).

Among the genera that have been identified associated
with the roots of different plant species are Acinetobacter,
Azotobacter, Alcaligenes, Arthrobacter, Azospirillium, Bacil-
lus, Beijerinckia, Burkholderia, Enterobacter, Erwinia, Flavo-
bacterium, Gluconacetobacter, Herbaspirillum, Rhizobium,
and Serratia (Ahmadi-Rad et al., 2016; Ramirez et al., 2018).

One of the main genus of bacteria that is part of the PGPR
group is Azotobacter. The bacteria belonging to the genus
Azotobacter are aerobic, free-living bacteria, very common
and dominant in the rhizosphere of plants (Chennappa et
al., 2018). Several reports in the literature mention that the
Azotobacter genus provides a series of byproducts that can
be used by the roots of plants (Vejan et al., 2016), especial-
ly the fixation of atmospheric nitrogen (N,), the production
of some hormones, and metabolites or secondary factors
that stimulate the growth of plants. Within these, the role
played by Azotobacter in the fixation of atmospheric nitro-
gen stands out, due to its importance for agriculture, since
its presence in the rhizosphere partially ensures the re-
lease of ammonium ions that would be available for growth
of plants. In the soil, it has been calculated that this type
of bacteria fixes about 20 kg N ha year' (Dilworth et al.,
1988). As such, Azotobacter has been reported in several
studies as a promoter of growth in various crops such as
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wheat, corn, rye, oats, and vegetables (Baba et al., 2018;
Kizilkaya, 2008; Kushwaha et al., 2013).

In 2015, we collected roots and soils associated with yam
production in the Caribbean region of Colombia from which
we identified microorganism species associated with yam
roots. Among the species isolated, we identified several
strains of Azofobacter, which in laboratory studies showed
IAA production and solubilization of phosphorus. Sub-
sequently, nursery trials showed their ability to establish
relationships with the roots of yam, showing also growth
promotion activity (Sanchez and Pérez, 2018). We hypoth-
esize that these microorganisms have the potential to be
used as biofertilizers in yam crops. The present investiga-
tion was carried out to evaluate, under field conditions, the
capacity of Azotobacter strains A. chroococcum DBC12
and A. vinelandii DBC9 to reduce the use of chemical nitro-
gen fertilization and increase yield and quality in yam crops
in the Caribbean region of Colombia.

MATERIALS AND METHODS
Location

The experiment was carried out at an experimental station
of the Colombian Agricultural Research Corporation (Agro-
savia), in Carmen de Bolivar, located in the Caribbean re-
gion of Colombia, at 09° 42’ 56.0 “North and 75° 06’ 15.5”
West, at an altitude of 197 masl. According to Holdridge’s
agro-ecological classification (Holdrige, 2000), this location
belongs to a Tropical Dry Forest (TDF), and presents an av-
erage annual rainfall of 1,179 mm, average relative humidity
of 72%, and annual temperature of 26.9°C. The experiment
was performed on clay loam soil, with pH of 7.93, organic
matter 2.37%, available phosphorus 105.39 mg kg, Calci-
um 6246 mg kg, Magnesium 566.4 mg kg, Sodium 59.8
mg kg1, Potassium 351.0 mg kg™, and Sulfur 8,99 mg kg'.

Plant Material

Yam tubers (Dioscorea rotundata) cv Criollo were obtained
and divided into 100-g sections, that were sown in polyeth-
ylene bags (0.15x0.15 m), filled with a substrate composed
of a mixture of sand and clay soil at a 1:1 ratio: This substrate
was previously sterilized by solarization and application of a

fungicide containing a mixture of Carboxymethyl + Thiram, at
arate of 4 g L. The resulting seedlings were maintained un-
der nursery conditions for a period of 30 days and then trans-
planted to the experimental plots in the field when reached a
height between 0.15 and 0.20 m.

Rhizobacteria

In this experiment, we evaluated bacterial strains A. ch-
roococcum DBC12 and A. vinelandii DBC9. These strains
are part of a group of several Azotobacter bacteria that were
collected by Agrosavia, associated with roots and soils of
yam crops in the Caribbean region of Colombia. These two
strains were selected for this experiment because in previ-
ous laboratory and nursery studies, had shown growth pro-
motion activity in yam plants (Sanchez and Pérez, 2018). In
particular, strains A. chroococcum DBC12 and A. vinelandii
DBC9 were collected at a yam crop in the municipality of
Carmen de Bolivar (County of Caracoli Grande), located
at 9° 44’ 24.8 N and 75° 13’ 28.2” W. For the purpose of
this research, strains A. chroococcum DBC12 and A. vine-
landii DBC9 were reactivated in an Ashby-sucrose culture
medium, ensuring their purity and viability. The inoculant to
use in these experiments was produced from discontinuous
fermentation, using in nutritive culture medium composed
of (g L-1): glucose 0.5, yeast extract 0.5, peptone 0.5, ca-
sein 0.5, starch 0.5, K,HPO, 0.30, MgSO, 0.05 and pH: 7.0,
which was maintained at 30°C and 120 rpm in an orbital
shaker. The inoculum was prepared in a flask of 2000 mL of
total volume with 1000 mL of working volume in 2/1 ratio to
allow sufficient aeration starting from an adjusted pre-inoc-
ulum OD,, = 0.500.

The inoculant to use in these experiments was produced
in nutritive culture medium composed of (g L) glucose 0.5,
yeast extract 0.5, peptone 0.5, casein 0.5, starch 0.5, K,HPO,
0.30, MgSO, 0.05 and pH: 7.0, which was maintained at 30
°C and 120 rpm, in a discontinuous fermentation media,
starting from an adjusted pre-inoculum OD,,;=0.500.

Experimental design

We used a randomized complete block design, with an
unbalanced 4x4 factorial arrangement, with three replica-
tions, where the first factor corresponded to the bacterial

Nitrogen fertilization level (%)

Azotobacter strain

0 100 75 50

Without Azotobacter TO T1 T2 T3

A. chroococcum DBC12 - - T5 T4

A. vinelandii DBC9 - - T7 T6

A. chroococcum DBC12+ A. vinelandii DBC9 - - T9 T8

Table 1. Treatments for evaluating two strains of Azotobacter and four levels of nitrogen fertilization on the productivity and quality of yam

in the Caribbean region of Colombia.
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strains (without bacteria, A. chroococcum DBC12, A. vinelan-
dii DBC9, and a mixture of both), and the second factor corre-
sponded to levels of nitrogen fertilization (0%, 50%, 75% and
100% of the recommended N fertilization dose). The exper-
imental design used was unbalanced due to the elimination
of treatments that combined the application of rhizobacterial
strains, alone or as a mixture, with 0% and 100% N fertiliza-
tion levels, since, in previous experiments, these treatments
produced null yields in yam cultivation (data not shown). The
experimental unit consisted of plots with five yam rows, 8.0 m
long, 1.0 m apart and 0.5 m separation between plants, for a
population density of 20,000 plants per hectare. The area of
each plot was 32 m2. The total experimental area was 1,350
m?, including circulation areas and borders.

Treatments

Ten treatments were evaluated, corresponding to the
combination of bacterial strains, alone or as a mixture, with
the levels of N fertilization, in an unbalanced factorial de-
sign. The treatments evaluated are shown in table 1.

To calculate the adequate dose of N fertilization, the avai-
lability of nutrients in the soil were compared with nutritional
requirements for yam reported by O’Sullivan (2010) and
based on that, a dose of 183 kg of N ha' was calculated.
Nitrogen was supplied as chemical fertilizer ammonium sul-
fate (NH,),SO, with a concentration of 21% Nitrogen and
24% Sulfur. This source of N was selected due to the ten-
dency of these soils to have an alkaline reaction and high
pH. No other sources of fertilizer were applied since the soll
had enough supply of P, K, and microelements. The re-
commended dose of ammonium sulfate in each treatment
was split in two applications, 50% of which was applied 70
days after transplanting (DAT), and the remaining 50% at

1,4

1,2

0,8

0,6

Absorvance (630 nm)

0,4

0,2

130 DAT. The fertilizer was applied around each individual
yam plant. Eight days after chemical fertilization, 10 mL of
bacterial inoculum, corresponding to 108 Colony Forming
Units (CFU) mL™" bacteria was injected around each indi-
vidual plant. A second inoculation of bacteria, with 10 mL
of bacterial inoculum, was carried out eight days after the
second N fertilization, i.e. at 138 DAT.

Response variables
PGPR activity

Three in vitro tests were done to corroborate the PGPR
activity of the bacterial strains A. chroococcum DBC12,
A. vinelandii DBC9. In the first instance, a qualitative test
that marked positive or negative for the capacity of the bi-
opreparations to fix atmospheric N was carried out, using
a semi-solid N-free media (Wilson and Knight, 1952), in
which the bacterial strains were inoculated. For this test,
a non-inoculated medium was used as a negative control.
A second test was carried out to detect the production of
ammonia (NH,), by inoculating the bacterial strains in a nu-
tritive broth composed of (g L'): 0.5 yeast extract; 0.5 pep-
tone; 0.5 casein; 0.5 glucose; 0.5 starch; 0.30 K,HPO,; 0.30
MgSO, and with pH 7.2. In this medium the bacterial strains
were incubated for a period of 24 h at 30°C. Solutions of
phenol/nitroprusside and sodium hydroxide/sodium hypo-
chlorite were added to the supernatant, in a 1:1 ratio, and
allowed to react for 30 minutes at 60°C. After this, a reading
of absorbance was performed on a spectrophotometer at
630 nm (Spectronic 601, Milton Roy). Ammonia production
by bacteria was calculated based on an absorbance curve
calibrated previously (figure 1). A third test was carried out
to verify the in vitro compatibility between both bacterial
strains, by means of a dual confrontation, in a petri dish

300

400 500 600 700 800

Ammonia concentration (uM)

Figure 1. Absorbance curve used for determination of NH, production by bacteria.
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with Luria-Bertani (LB)® culture medium, consisting in draw-
ing a stria with one of the strains, while the other is planted
perpendicularly. Next, the petri dishes were incubated at
30°C for 5 days. The results of bacterial growth under this
test indicated that the strains were compatible, as they did
not show visual growth inhibition to each other.

Tuber yam yields

Harvest was gathered 12 months after transplanting us-
ing the three central rows of each plot, eliminating plants at
the ends of each row (1.50 m at each end), for an effective
harvest area of 15 m2. Fresh roots or tubers were extracted
from the soil and classified according to the local market as:
1) first category tubers or export-type tubers, which corre-
spond to rounded shape tubers, free of physical, insect or
diseases damages, with individual weight between 1.5-3.0
kg; 2) second category tubers, that are destined to the local
market, and correspond to irregular shape tubers, with size
and weight higher or lower than the export type; 3) third-cat-
egory tubers, which are not suitable for commercialization,
which correspond to tubers that are rejected in the market,
since they have irregular shape and have physical, insect
or disease damages. These classification parameters were
established in Colombia by Procaribe to classify yam tubers
destined for the export and local market (Procaribe, 2012).

Statistical analysis

The data obtained were subjected to tests of normality
and homogeneity of variances through Shapiro-Wilk and
Levine method, respectively. Once normality and variance
assumptions were confirmed, an analysis of variance was
performed, considering the unbalanced factor. In cases
where differences were detected at a level of significance of
0.05, a separation of means was performed using Tukey's
HSD test. Group treatments were also compared by orthog-
onal contrasts. Statistical package SAS v.9.04® was used
for all statistical analyses.

RESULTS
PGPR activity

When cultured in a semi-solid N-free medium, each of
the rhizobacteria A. chroococcum DBC12 and A. vinelandii

DBC9, registered positive in the qualitative test for biologi-
cal N fixation 72 hours after inoculation (table 2). Similarly,
in the quantitative test, both strains were able to produce
NH,, thus, corroborating the ability of both bacterial strains
to fix atmospheric N.

On the other hand, the compatibility assessment showed
no inhibition of growth or incompatibility between rhizobac-
teria A. chroococcum DBC12 and A. vinelandii DBC9, thus,
indicating that a mixture of both bacteria might be used in
the production of bioinoculants. Therefore, in the field ex-
periments, we considered the use of a 1:1 mixture (5 mL
each) of A. chroococcum DBC12 + A. vinelandii DBC9 to
inoculate yam plants.

Yam yields

Yam productivity was calculated by extracting yam tu-
bers from the soil in each plot and classifying the tubers
according to Procaribe (2012). With this data, we calcula-
ted the first, second and third category tuber yields, corres-
ponding to tubers or roots that are destined to the export,
local market, and rejected tubers, respectively. According
to the results, total tuber yields were affected (p<0.0001)
by the interaction between bacterial strains and the N fer-
tilization levels, which indicates that the total tuber yields
were dependent on the level of N fertilization applied to the
crop, in conjunction with the effect of the strains of rhizo-
bacteria used. Indeed, as shown in figure 2, the highest
yields were obtained with a combined application of 50% N
fertilization level with either rhizobacteria A. chroococcum
DBC12 (21.6 t ha™) or A. vinelandii DBC9 (22.9 t ha''). As
observed, when the N fertilization level was raised up to
75% of the recommended dose, this positive effect of bac-
terial inoculation is reduced. This in contrast with the yields
of the chemical fertilization treatments, in which yam plants
responded positively to mineral N fertilization, showing an
increase in the yields, concomitant with the increase in the
N fertilization level.

However, the yields obtained with the individual inocula-
tion of rhizobacteria, at 50% of the N fertilization level, were
higher than any of the yields obtained with the chemical
fertilization treatments (0, 50, 75 and 100% of the N fer-
tilization level). On average, yields obtained by the indivi-
dual strains of rhizobacteria, at 50% of nitrogen fertilization,
were 19.3 to 25.9% higher than with treatment with 100%
of the N fertilization dose. These findings indicate that there

Bacterial Strains

Biological N fixation (Qualitative test)

NH, production (Quantitative test)

72 h (uM)
A. chroococcum DBC12 + 8.08+0.04
A. vinelandii DBC9 + 7.83+0.02
Control + 6.17+0.05

Table 2. Tests for determination of biological N fixation and NH, production of rhizobacteria A. chroococcum DBC12 and A. vinelandii DBCS.
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Figure 2. Total yam tuber yields affected by two rhizobacteria strains and four N fertilization levels.
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Figure 3. First category yam tuber yields affected by two rhizobacteria strains and four N fertilization levels.

is a positive interaction between Azotobacter and the che-
mical fertilization for increasing yam vyields. However, the
fact that individual inoculation with the Azotobacter strains
exceeded the yield increases that could be obtained by any
nitrogen fertilization dose shows that there are more me-
chanisms induced by bacteria involved, in addition to biolo-
gical nitrogen fixation.

With respect to quality (figure 3), the production of first
category roots or tubers is of the utmost importance due to
their greater price and market value. Regarding yields of
first category tubers, higher yields were also obtained with
the combination of either one of the two bacterial strains
(A. chroococcum DBC12 and A. vinelandii DBC9), at 50%
N fertilization level (p<0.0001). As was the case with total
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Figure 4. Second category yam tuber yields affected by two rhizobacteria strains and four nitrogen fertilization levels.

yields, bacterial inoculation effect was nearly lost at 75% N
fertilization, showing yields decreases at higher N fertilization
levels. Similarly, it was found that first quality yields obtained
with the individual inoculation with bacteria strains A. chroo-
coccum DBC12 or A. vinelandii DBCY, at a level of 50% N
fertilization level, were superior to the chemical control (0,
50, 75 and 100% of the N fertilization level). On an avera-
ge, the yield of these two treatments were 19.3 and 21.3 t
ha', respectively, which was 40.8% and 55.4% higher than
the yield obtained with chemical fertilization at a full N dose
(100% N). These results show the potential of these bacterial
strains to increase tuber quality and to reduce N fertilization
levels in yam crops in the Colombian Caribbean Coast.

In relation to second category tubers for local market,
the results of these experiments indicated better yields
(p<0.0001) with the use of higher N fertilization levels alone
or with the inoculation of the bacterial strain A. chroococ-
cum with 75% N fertilization level (figure 4).

On the other hand, the production of third-category or re-
ject tubers did not depend (p>0.05) on the effects of bacterial
strains, fertilization levels or their interaction (data not shown).
This means that the yields of deformed tubers depend on fac-
tors other than those evaluated in these experiments, such as
physical soil impediments, insects or disease attacks.

DISCUSSION

These results showed that both strains of Azotobacter
evaluated in these experiments have the capacity to re-

duce atmospheric N to ammonium, which allows them to
grow without external N sources. The group of microorgan-
isms that possess this capacity are collectively known as
diazotrophs and are considered very useful for N fertilizer
substitution programs in important crop species (Norman
and Friesen, 2017; Rodriguez et al., 2018; Russelle, 2008;
Kushwaha et al., 2013; Kumar et al., 2001).

We found that rhizobacteria strains A. chroococcum
DBC12 and A. vinelandii DBC9, were beneficial to increase
the total and the first quality yields in yam crops, for which
the best results were obtained with either strain with 50%
of the N fertilization level. The fact that the effectiveness
of these rhizobacteria, was reduced at higher N fertiliza-
tion levels, would indicate negative effects of high nitrogen
levels on the fixation capacity of bacteria, which in turns
seems to be affecting tuber growth and yields. The mixture
of both rhizobacterial strains had no synergistic effect since
yields obtained with the mixture were lower than those ob-
tained with either one of the individual bacterial strains.
Even though the in vitro compatibility tests indicated no
incompatibility between the bacterial strains evaluated in
these experiments, the field results suggest the existence
of other factors that negatively influence the establishment
of the coculture. In this respect, Brahmaprakash and Sahu
(2012) reported that bacteria inoculated to the soil can be
affected by the competition established with the native mi-
croflora in the soil, and by the environmental conditions in
the experimental site.

Nitrogen fertilization, on the other hand, seems to ex-
ert a positive influence on yam yields, although its effect
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seems to be superior on second and third category tubers.
In this case a fertilization level of 75% of the recommended
N dose seems to be the most convenient. The fact that
yam yields obtained with both rhizobacteria strains, at 50%
of the N fertilization level, were higher than the yields ob-
tained with any of the chemical fertilization treatments (0,
50, 75 and 100 percent of the N fertilization level), indicates
that some other factors, different to N supply from fixation,
could also be contributing to improving yam yields. These
other factors could be hormones or secondary metabolites
that act as stimulants to yam growth and productivity. In
this respect, some reports indicate that Azotobacter might
positively influence growth and yield of some plants, not
only due to the contributions in nitrogen, but also due to
the production of a series of hormones, in particular auxins,
gibberellins, and cytokinins (Noumavo et al., 2013). This
production of hormones and growth regulators promotes
the growth of plants and enhances the uptake of nutrients,
which leads to a higher yield in crops. In previous experi-
ments, Sanchez and Pérez (2018) working with the same
bacterial strains (A. chroococcum DBC12 and A. vinelan-
dii DBC9), confirmed the production of IAA at a level of
27.70 yg L' and 24.29 pg L', respectively, in pure liquid
cultures. In this regard, several studies have shown that
in vitro production of IAA and other physiologically active
hormones derived from L-tryptophan are characteristic of
PGPR strains (Teixeira et al., 2007).

Similarly, it has been reported that this type of bacteria
produces different types of secondary metabolites that are
released into the soil, such as vitamins, amino acids, anti-
fungal substances, among others, which have a direct influ-
ence on the growth of outbreaks and roots in crops (Chen-
nappa et al., 2018). These hormones have been associated
in the literature with positive effects in plants, such as the
promotion of elongation and cell division, apical domi-
nance, tissue differentiation and development of a greater
number of roots in plants (Scagliola et al., 2016). Sanchez
and Pérez (2018) also reported that the strains of A. ch-
roococcum DBC12 and A. vinelandii DBC9 had the abili-
ty to solubilize phosphates in vitro, which was measured
as the production of orthophosphate from phosphate rock,
with values of 15.90 mg L' for A. chroococcum DBC12 and
18.94 mg L' for A. vinelandii DBC9. The same authors re-
ported that these rhizobacteria promoted the plant growth
of yam seedlings (D. rotundata), at the greenhouse level.

Dixon and Kahn (2004) reported that the joint applica-
tion of mycorrhizae with Azotobacter phosphate solubiliz-
ers, allows the fixed amounts of atmospheric nitrogen to be
greater, because the fixing bacteria have a greater amount
of available phosphorus (an essential element for the fixa-
tion of nitrogen), supplied by the activity of the solubilizing
organisms. The phosphorus-solubilizing bacteria have be-
come an important habitat of the soil and the inoculation
with these has shown substantial increases in the growth
of the plants. Such bacterial populations could be of im-
portance in the development of diverse agricultural eco-
systems (Wei et al., 2018). It has been reported that these
solubilizing bacteria modify the nutrition of phosphorus and

increase its solubilization in the soil through many process-
es such as the decrease in soil pH, through the production
of organic acids, alkaline phosphatases, phytohormones,
H* protonation, anion exchange, chelation and production
of siderophores, which promote the solubilization of phos-
phorus in the soil (Adnan et al., 2017).

Results obtained with other species of bacteria in yam
crops report similar results. For example, Swain et al.
(2007) working with strains of Bacillus subtilis CM4-CM5,
report the production of 2.0 and 2.5 mg L™ of IAA, respec-
tively, associated with positive effects on the stimulation of
root growth (length and fresh weight), with an increase in
the root-stem relation and the number of shoots, in compar-
ison with the non-inoculated Dioscorea rotundata plants.
On the other hand, Jimtha et al. (2017), in studies with Dio-
scorea nipponica with the strain Proteus sp. (R6), report
this strain as positive for nitrogen fixation, HN, production,
IAA, siderophore, ACC deaminase and solubilization of
phosphates. In these studies, it was found that plants treat-
ed with the bacterial strain R6 showed improved size of tu-
bers and a number of roots in comparison to plants without
bacterial application.

Our results allow us to conclude that the bacterial strains
A. chroococcum DBC12 and A. vinelandii DBC9 collected
in the Caribbean region of Colombia can become an effec-
tive alternative for reducing chemical N fertilization in pro-
duction of yam tubers destined to the export market since
they potentiate yield and the production of first category
tubers. These bacteria are also an alternative for a more
sustainable agriculture since they present the possibility of
reducing the use of chemically synthesized N fertilizers. In
these experiments, we obtained between 89.1 and 93.3%
of yield of first category yam tubers, the yield being higher
when N fertilization at a level of 50%, the recommended
dose, was combined with either of the bacterial strains A.
vinelandii DBC9 and A. chroococcum DBC12. This last ob-
servation might be of great importance, because as Pérez
and Campo (2016) mentioned, the size, shape, and weight
of yam tubers are very important for the export market and
constitute the most limiting factors that confront yam farm-
ers in Colombia. In practice, it is estimated that only 30% of
the total yam tuber production received at the market cen-
ters in the Caribbean region of Colombia meets the specifi-
cations of the international market.

In relation to the yield of second category tubers for the
local market, our results indicated that better yields were
obtained (p<0.01) with the use of higher N fertilization lev-
els alone or, with the inoculation of the bacterial strain A.
chroococcum with 75% N fertilization level. These results
suggest that, with respect to second category tubers, irreg-
ular growth and overweight are favored by higher N levels,
while for first category tubers for the export market, it is
more advisable he use of a 50% N fertilization level, accom-
panied by the inoculation of the bacterial strains A. chroo-
coccum DBC12 and A. vinelandii DBC9.

On the other hand, the production of third-category or re-
ject tubers was not affected by our treatments, which indi-
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cates that the number of deformed tubers depends on fac-
tors other than those evaluated in these experiments, such
as physical soil impediments or attacks of insects or dis-
eases. Studies advanced by Cardona (2007), in this regard
indicate that if planted at wide distances (0.23 and 0.30
m between plats), an obvious deformation occurs in yam
tubers, with high individual weight (1.71 kg and 1.96 kg,
respectively). This author indicates that reducing the dis-
tance to 0.15 m between plants reduces deformation and
decreases individual tuber weight to 1.35 kg. Large tubers
are difficult to extract from the soil, split, or suffer wounds
at the time of harvest, increasing the number of cuts and
the probability of losses due to greater decay resulting from
pathogens attacks. Likewise, it is suggested that the vari-
ability in the shape of tubers could also be related to the leaf
area of each yam plant. Costas et al. (1968), observed an
increase of 50% in the size of tubers of D. rotundata, with
irregular shape when they increased the leaf area using
1.83 m tutors versus non-tutored plants. Rodriguez (2000)
determined that the use of low planting densities and yam
cultivars with excessive growth of stems and leaves keeps
the plant in a juvenile state, delays tuberization, reduces
commercial production and increases the formation of de-
formed tubers. Further studies should concentrate on find-
ing the best dose and formulation of these two Azotobacter
strains as potential bioinoculants to substitute N fertilization
and improve the productivity of yam crops in the Caribbean
region of Colombia.

CONCLUSIONS

From the above results, it can be concluded that the bac-
terial strains evaluated in these experiments, A. chroococ-
cum DBC12 and A. vinelandii DBC9, present a high poten-
tial for the preparation of bio-inoculums with the purpose of
improving productivity and quality of yam at the Caribbean
region of Colombia. These bacterial strains were positive in
in vitro tests for nitrogen fixation and NH, production, and
field tests showed the ability to increase the yields of total
and first category tubers. The best effects were obtained
when inoculation of strains was combined with a level of
50% of the N recommended dose. Therefore, it was con-
cluded that these rhizobacteria present potential as possi-
ble bio-inoculants, which could be an alternative to reduc-
ing levels of nitrogen chemical fertilization, thus contributing
to a more sustainable and competitive yam culture.
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