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Abstract

Grain amaranth is an emerging crop that produces seeds having high quality protein with balanced amino-acid content.
However, production is restricted by agronomic limitations that result in yields that are lower than those normally produced
by cereals. In this work, the use of five different rhizobacteria were explored as a strategy to promote growth and yields in
Amaranthus hypochondriacus cv. Nutrisol and A. cruentus cv. Candil, two commercially important grain amaranth cultivars.
The plants were grown in a rich substrate, high in organic matter, nitrogen (N), and phosphorus (P) and under greenhouse
conditions. Burkholderia ambifaria Mex-5 and B. caribensis XV proved to be the most efficient strains and significantly
promoted growth in both grain amaranth species tested. Increased grain yield and harvest index occurred in combination
with chemical fertilization when tested in A. cruentus. Growth-promotion and improved yields correlated with increased N
content in all tissues examined. Positive effects on growth also occurred in A. cruentus plants grown in a poor soil, even after
N and P fertilization. No correlation between non-structural carbohydrate levels in roots of inoculated plants and growth
promotion was observed. Conversely, gene expression assays performed at 3-, 5- and 7-weeks after seed inoculation in
plants inoculated with B. caribensis XV identified a tissue-specific induction of several genes involved in photosynthesis,
sugar- and N- metabolism and transport. It is concluded that strains of Burkholderia effectively promote growth and increase
seed yields in grain amaranth. Growth promotion was particularly noticeable in plants grown in an infertile soil but also
occurred in a well fertilized rich substrate. The positive effects observed may be attributed to a bio-fertilization effect that
led to increased N levels in roots and shoots. The latter effect correlated with the differential induction of several genes
involved in carbon and N metabolism and transport.
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Introduction notable for their high contents of gluten-free protein possessing a
nutritionally balanced amino-acid composition, the ability to release
bioactive peptides when digested and relatively high levels of
squalene-rich oil. Moreover, grain amaranths offer a viable

The genus Amaranthus L. (Caryophyllales: Amaranthaceae)
comprises C4 dicotyledonous herbaceous plants classified into

app.rO).n.mately 70 species having a rela.tlve.ly hllgh level of genetic alternative to cereals and other crops in agricultural settings where
variability. They have a worldwide distribution, although most soil moisture conditions vary considerably between growing seasons

species predominate in the warm temperate and tropical regions of [1]. Their ability to withstand drought and salt stress has been

the world [1]. Many amaranth species are cultivated as ornamentals attributed to their superior water use efficiency [9-11], which is

higher than other crops, including wheat, corn, cotton and sorghum
[12]. Other contributing factors to abiotic stress resistance are the
use the C4 pathway for CO, fixation, an indeterminate flowering
habit and the capacity to grow long taproots and develop an
extensive lateral root system in response to water shortage in the soil
[11,13]. Osmolyte accumulation and the activation of stress-related

or as a source of highly nutritious pseudocereals (e.g. grain amaranths)
and/or of vitamin- and mineral-rich leaf vegetables [2—4]. Others
are notoriously aggressive weeds of commercial crops [5,6]. The
grain amaranths (predominantly Amaranthus hypochondriacus L., A.
cruentus L., and A. caudatus L..) offer attractive nutritional and health-
related traits (recently reviewed in [7] and [8]), in addition to many
desirable agronomic characteristics. Thus, amaranth seeds are
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genes are also associated with stress tolerance in grain amaranth
[14,15].

Augmented and consistent yields, increased pest resistance, and
mmproved harvestability are important breeding goals that grain
amaranth shares with all grain crops. The typical yields of current
amaranth cultivars oscillate around ~1000 kg/ha, although the
potential exists for producing significantly higher vyields that
surpass 3000 kg/ha [1,16]. If such potential could be more
uniformly expressed, it should be possible to improve grain
amaranth yields substantially [1].

Nowadays, several bio-fertilizers of bacterial or fungal origin are
commercially available and may be utilized to improve produc-
tivity. In addition, they offer great ecological benefits associated
with a number of properties that impinge positively on both the
soil and the plants growing in it. These include the ability to fix
atmospheric nitrogen, degrade organic compounds, including
pesticides, and suppress various soil-borne pathogens via the
synthesis of antibiotics, hydrogen cyanide and/or siderophores.
Nitrogen fixation is of paramount importance considering that the
natural supply of soil N usually limits plant yields in most
agricultural cropping systems [17]. For this reason N fertilizer
application is predicted to greatly increase in the next decades [18]
unless N use efficiency (NUE) is significantly increased. NUE is
defined as the total biomass or grain yield produced per unit of
applied fertilizer N, and it integrates both Nitrogen uptake
efficiency (the capacity of plant roots to acquire N from the soil)
and Nitrogen utilization efficiency (the fraction of plant-acquired
N to be converted to total plant biomass or grain yield) ([19] and
references therein). Its importance is underlined by the deleterious
effects that excess N compounds released from agricultural systems
can have on the quality of air, water, and soil [17,20].

Beneficial soil bacteria and fungi can also confer immunity
against a wide range of foliar diseases and insects via the long-
distance activation of plant defenses [21]. Growth promotion is
believed to be tightly associated with the synthesis of bacterial
auxins, giberellins and cytokinins, volatile compounds and/or
vitamins, the induction of l-aminocyclopropane-1-carbocylate
(ACC) deaminase, which coupled to an increased superficial root
area acting together with the secretion of siderophores, facilitate
the absorption of limiting nutrients, such as iron, phosphorus and
other minerals [22-28]. The bio-fertilizers of bacterial origin are
commonly part of what are known as plant growth promoting
rhizobacteria (PGPR). They constitute a large group on non-
pathogenic soil bacteria that promote growth and/or control soil
pathogens or insect pests when grown in a non-symbiotic
association with plants [29-35]. Illustrative examples are the
capacity to promote growth and protect against Fusarium wilts, in
maize [36] and anthracnose, in mango [37] observed in plants
moculated with Burkholderia cepacia, and the induced systemic
response against whitefly (Bemusia tabaci) pests detected in tomato
plants inoculated with a Bacillus subtilis strain [38]. Other PGPR
species belong to the Rhizobium, Mesorhizobium and Bradyrhizobium
[39,40], Azospiridlum [41], Agrobacterium, Azotobacter [42], Arthrobacter,
Alcaligenes, Pseudomonas [43,44], Serratia, Enterobacter, Beyerinckia,
Klebsiella, Clostridium, Variovovax, Xanthomonas, and Phyllobacterium
genera [45—49]. Bio-fertilizers also include a group of phosphate-
solubilizing microorganisms [50,51] and certain mycoparasitic
filamentous fungi of the genus Trichoderma [52]. Their use is
considered to be innocuous both to man and the environment.
They usually are more efficient in low-fertility soils and are
economical and easily transported although care must be exercised
to maintain their biological activity [47].

Information regarding the use of PGPR in Amaranthus is limited
to reports that focused on growth promotion in leafy species
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[53,54] and germination inhibition of weedy A. Aybridus [55]. In
addition, Nair and Anith [56] explored the use of PGPR for the
control of leaf blight in A. #ricolor. The comparative study herewith
reported describes the effect that the inoculation of selected PGPR
had on the growth and productivity of grain amaranth.
Morphologic, metabolic and molecular studies were concomitantly
performed in an effort to understand the possible mechanisms by
means of which PGPR promote growth and increase yield and
total biomass in grain amaranth. The information presented here
has the potential to be employed to enhance the agronomic
performance of grain amaranths in the field, while limiting N
fertilizer application and thereby ameliorating the ecological
damage associated to N pollution of the environment [57].

Results

Growth promotion experiments

The main objective of this work was to determine whether the
utilization of PGPR with demonstrated agronomic potential was
effective in promoting growth and increasing grain yield and total
biomass in two species of grain amaranth. Biochemical and
molecular tests were concomitantly performed to determine the
possible mechanisms responsible for the changes observed.

The main characteristics of the five PGPR initially tested are
shown in Table 1. They all showed at least one trait usually
associated with plant growth promotion such as auxin production,
ACC deaminase activity and siderophore production. The
presence of acetylene reduction activity in the Burkholderia strains
was indicative of the possible presence of nitrogenase activity
required for nitrogen fixation.

Initial exploratory experiments, performed in the commercially
important A. hypochondriacus cv. Nutrisol and A. cruentus cv. Candil
genotypes, showed that bacterial inoculation via direct seed-
soaking produced better results than root drenching of seedlings.
Growth promotion was determined 8 weeks post inoculation (wpi)
by measuring total biomass, in general, and also separately in
leaves, stems and roots. Plant height and stem diameter were two
additional parameters determined. A positive effect was produced
on both species and was observed with all PGPR tested, with the
exception of B. subtilus BEB-DN (results not shown). Additional
experiments were performed with those strains showing the best
growth promoting efficiency, namely B. caribensis XV and B.
ambifaria Mex-5, and to a lesser degree, B. cepacia XXVIL
Significantly positive effects (Tukey test; P<0.05, n=15) on total
biomass and leaf area, plant height and stem diameter (Figure 1),
and leaf, stem and root biomass (Figure 2) were observed in both
species at 8 wpi. The effect was still noticeable in plants that
received chemical N and P fertilization, in particular in plants
inoculated with B. caribensis XV and B. ambifaria Mex-5. It also
tended to be more evident in 4. cruentus than in A. hypochondriacus
(Figures 1 and 2). Foliar nitrogen levels were also significantly
higher in PGPR-treated A. cruentus and A. hypochondriacus plants
(Figures 2C and D). For A. cruentus, this effect was evident even in
plants subjected to N fertilization (Figure 2D).

All further experiments were performed with A. cruentus cv.
Candil which was inoculated with the best performing PGPR, i.e.
B. caribensis XV and B. ambifaria Mex-5. The choice of A. cruentus
was based on its relative insensitivity to the photo-period, a useful
characteristic which allowed extended experimentation during
early and late periods of the year, which are unsuitable for A.
hypochondriacus [58]. All growth parameters tested were significantly
increased in PGPR-inoculated 4. cruentus plants (Tukey test; P=
0.05, n=6), as shown for, stem diameter (average 23.6% [XV]
and 18.5% [Mex5]) and plant height (average 17.6% [XV] and
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Table 1. Properties of the rhizobacteria used in this study.

PGPR Promote Growth and Enhance Yield in Amaranth

Rhizobium sp. Bacillus subtilis

Burkholderia ambifaria Burkholderia cepacia Burkholderia caribensis

XXv3 BEB-DN? Mex5> xxvr’' xv3
Auxin production + + + = =
ACC deaminase activity - + + -
Siderophore production = ND + +
Acetylene Reduction Activity - ND +
Nitrogenase gene, nifH 2 ND ND ND ND ND

ND = Not determined.

' =Described in Reference [37];

2 =Described in reference [91];

3 = Described in Reference [92].
doi:10.1371/journal.pone.0088094.t001

16.9% [Mex5]) (Figure 3A). Increased leaf area (average 38.6%,
[XV] and 23.1% [Mex5]) (Figure 3B) as well as total biomass in
dry (average 55% and 29.3% increase for XV and Mex5,
respectively) and fresh weight basis (Figures 3C and 3D), were also
observed. The latter data were corroborated by significantly
increased leaf (average 58.3% [XV] and 24.7% [Mex5]), stem
(average 65.8% [XV] and 42.1% [Mex5]) and root (average
33.1% [XV] and 19.5% [Mex5]) biomass, which occurred during
the entire duration of the experiment (Figure 3F). Total nitrogen
content in the latter tissues was also significantly higher in PGPR-
inoculated plants (Tukey test; P<0.05, n=6) (Figure 3G). The
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increments ranged from 27.7% (in leaves, [Mex5]) to 79.8% (in
stems, [XV]). In general, growth promotion and NUE were more
effective in plants inoculated with B. caribensis XV, as shown by the
above data (see also Figure 3E).

After 7 weeks of growth, 1x10° cfu per g substrate/soil were
detected. This demonstrated the efficient long term colonization of
the substrate/soil by B. ambifaria Mex5 and B. caribensis XV.

However, contrasting effects on the non-structural carbohy-
drates (NSC) levels in the different tissues examined were observed
between the two PGPR tested. Inoculation with B. caribensis XV
had a negative to neutral effect on all NSC tested and in all tissues
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Figure 1. PGPR positively affect growth of grain amaranth plants. The effect of PGPR on different growth parameters, produced 8 weeks
after inoculation with three strains of Burkholderia (B. cepacia XXV|, B. ambifaria Mex5 and B. caribensis XV), was determined in (A) and (B) Amaranthus
hypochondriacus and (C) and (D) A. cruentus plants grown in a rich substrate, with (+CF) or without (—CF) chemical fertilization. Parameters measured
were: total biomass, leaf area, plant height and stem diameter. Mean values * SE are presented. Different letters over the bars and lines represent
statistically different values at P=0.05. Experiments were performed twice, and representative results are shown.

doi:10.1371/journal.pone.0088094.g001
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Figure 2. PGPR positively affect growth and nitrogen content of grain amaranth plants. The effect on the total biomass of leaves, stems
and roots, (A) and (B), and on foliar nitrogen, (C) and (D), was measured 8 weeks after inoculation with three strains of Burkholderia (B. cepacia XXVI,
B. ambifaria Mex5 and B. caribensis XV) in Amaranthus hypochondriacus and A. cruentus grown in a rich substrate, with (+CF) or without (—CF)
chemical fertilization. Mean values * SE are presented. Different letters over the bars and lines represent statistically different values at P=<0.05.

Experiments were performed twice, and representative results are shown.

doi:10.1371/journal.pone.0088094.9002

examined, except for the late increase of hexoses in stem (GLC
and FRC) and leaves (FRC) observed at 7 wpi (Table 2). On the
other hand, and except for a few cases (i.e. starch in leaves at 3 wpi
and FRC in stems, at 3 and 5 wpi), A. cruentus plants inoculated
with B. ambifaria Mex-5 showed a biphasic oscillation in NSC
levels, being neutral to negative at 3 and 5 wpi, and becoming
predominantly positive at 7 wpi (Table 2). Thus, only growth
promotion by B. ambifaria Mex-5 was associated with a gradual
increase of NSC levels in roots and shoots.

The growth of A. cruentus plants was drastically reduced when
they were grown in a poor soil, which contrasted with the rich
substrate used in all other experiments by the much lower levels of
fertility shown, predominantly in terms of organic matter and
available N and P (Table S1). Inoculation with B. caribensis XV and
B. ambifaria Mex5 significantly enhanced growth of A. cruentus
plants as observed 7 wpi: stem diameter and plant height were
increased between 29% (e.g stem diameter in Mex5) to 42% (e.g.
plant height in XV) (Tukey test; P<0.05, n=7; Figure 4A).Leaf
area and total biomass (in fresh and dry weight basis, respectively)
were increased more than two-fold (Figures 4B to 5D). This was
mirrored by the measurement of the leaf, stem and root biomasses,
which were also significantly increased in inoculated plants. The
effect was particularly evident in plants inoculated with B. caribensis
XV (Figure 4E), in which the biomass of each tissue examined was
more than doubled. In roots, for example, dry weigh biomass was
augmented 5.6-fold (Tukey test; P=<0.05, n = 7; Figures 4F and G).
Nitrogen content of inoculated plants grown in poor soil was also
greatly increased. Increments ranged between 2- and 4- fold in
leaves and roots of plants treated B. caribensis XV (Figure 4H).
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Similar results were obtained with B. ambifaria Mex5 (data not
shown).

Taken together, the results demonstrated that the growth
promotion induced by these two bacterial strains was increased on
different substrates with different fertility levels, and was partic-
ularly striking in plants grown in a low fertility sandy soil, sampled
in the Bajio region of central Mexico.

Effects on yield, harvest index, and seed size

The results shown in Figure 5 indicate the effect that both
Burkholderia strains employed had on the different production
parameters tested. In contrast to the growth promotion experi-
ments, B. ambifaria Mex5 was found to have a similar effect on
production parameters as B carbensis XV. Yields were increased by
chemical fertilization and the effect was significant in one
repetition of the experiment (Tukey test; P<0.05, n=11;
Figure 5A). However, in both cases, the combination with a
bacterial partner significantly increased yields (41.4% for XV and
155.4% for Mex), respectively). A similar tendency was observed
when measuring the harvest index, although this parameter was
increased solely by chemical fertilization and only marginal
increases of 39.5% and 22.6% were detected when fertilized
plants were treated together with B. carbensis XV and B. ambifaria
Mexb, respectively (Tukey test; P=0.05, n=11; Figure 5B). Seed
size was not affected by chemical fertilization; however, it was
significantly increased (in a range of 7.2% to 15.5%) in the
presence of the bacterial inoculates (Figure 5C).
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in a rich substrate were inoculated with two strains of Burkholderia (B. ambifaria Mex5 and B. caribensis XV) and growth-related parameters were
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doi:10.1371/journal.pone.0088094.g003

Gene expression assays

The results shown in Figure 6A showed that two genes
remained up-regulated in roots of inoculated plants at the three
sampling stages analyzed (3, 5 and 7 wpi). These coded for
AhBAMY a B-amylase and AhSUTI, a sucrose transporter. Others,
such as AhDRMS3, an auxin responsive gene, AhSUS2, sucrose
synthase 2 and ARNVRT.1.1, a nitrate transporter type 1.1 were up-
regulated at 3 and 5 wpi but returned to basal levels at 7 wpi,
whereas the pyruvate orthophosphate dikinase gene, ARPPDK, was
induced at the latter stages of the process first appearing at 5 wpi
and remaining up-regulated at 7 wpi. Other genes, including
various associated with nitrogen metabolism were up-regulated at
definite stages of the process. Such was the case of an alanine
aminotransferase, 4hAlaAT (up-regulated at 3 wpi), and NADH
dependent glutamate synthase, AWNADH GOGAT, the DOFI
transcription factor, 4hDOFI, and cytosolic glutamine synthase
1, ARGSI (up-regulated at 5 wpi). A hexose transporter 1, AhHT]
was also up-regulated early in the process (at 3 wpi), whereas a
neutral cytosolic invertasel, A4hA/NI-1, showed a contrasting
pattern of expression, being repressed at 3 wpi but induced at

5 wpl.
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The results obtained in leaves are shown in Figure 6B. The
pattern differed amply from the gene expression patterns observed
in roots. No gene was found to be expressed at all three stages
examined. Genes that were up-regulated at only one time point
were AhDOFI, AWNADH GOGAT, AhSUTI and a nitrate
transporter 3 (AhNRT.3), that were induced at 3 wpi; AhBAMY,
and two photosynthesis-related genes, namely phosphoenolenol-
pyruvate carboxylase, ARPEPC, and AhPPDEK, were induced at
5 wpi, and a-expansin 3 (AhEXP50), glutamine-dependent aspar-
agine synthase 1 (AhASNI), AANRT.1.1 and AhSUS2, were induced
at 7 wpi. All other genes were either expressed at 3 and 5 wpi (L.c.
ARA/NI-I), 3 and 7 wpi (ie. A TPT, a triose phosphate/
phosphate transporter) and more frequently at 5 and 7 wpi (i.e.
a NADPH-dependent malic enzyme malic enzyme, AiME,
glutamate dehyrdrogenase 2, ARGDH?2, AhGSI, ARDRMS3, and
ARHTI).

Discussion

The growth promoting effects of rhizobacteria have the
potential to be widely applied in agriculture, mainly as
biofertilization, biocontrol and phytoremediation agents [59-61].
Several mechanisms are believed to be acting to permit these
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benefits, such as an enhanced nutrient uptake efficiency [19],
hormone production or transformation [62], or improved defense
against pathogens [60]. However, the molecular events underlying
plant growth promotion by PGPR are still poorly understood. In
this study, the long-term effect of diverse growth promoting
rhizobacteria, including three potentially diazotrophic bacteria, on
growth promotion, plant biomass accumulation and seed yield in
grain amaranth were examined. In addition, changes in gene
transcription and in sugar and nitrogen levels were also analyzed.

Grain amaranth is a marginal crop that has consistently
attracted interest worldwide. This is mostly because grain
amaranths can be utilized for the production of high quality grain
in conditions that are unsuitable for cereal crops. However, there
are many agronomic characteristics that must be improved (see
[1]) in order to increase yields, which are much lower than those
reported for cereal crops. Thus, it is imperative to develop
appropriate agronomic practices for the cultivation of grain
amaranth if higher yields are to be achieved.

Chemical fertilization 1s, together with optimal plant density, one
key factor to boost grain amaranth yields, particularly when grown
in poor or degraded soils. Up to a certain limit (=90 Kg N/ha),
amaranth grain yield is known to respond positively to nitrogen
fertilizer, without increasing its tendency to lodge [63-65]. Also,

PLOS ONE | www.plosone.org

Table 2. Time-course changes in non-structural carbohydrate levels in different tissues of PGPR-inoculated A. cruentus plants.
umol/gFW
3 weeks 5 weeks 7 weeks
Strain' CHO Tissue Control PGPR Control PGPR Control PGPR
Xv Starch Leaf 20974085 19.37+1.42 43.19+293 4151163 51.76+2.55 46.22+1.09
Stem 8.07+0.45 *5.44+0.65 33.85+3.27 31.51+2.80 52.09+3.28 47.28+291
Root ND ND 1.25+0.14 1.24+0.09 251021 2.56%0.20
Sucrose  Leaf 1.670.09 1.510.08 391047 354024 293%0.11 3.00+0.21
Stem 1352058 0.71£0.02 662+1.13 7.42+0.83 16.99+0.75 15.69+0.67
Root ND ND 3.87+0.36 4.49%0.06 6.64+0.13 6.25+033
Glucose  Leaf 7.49+0.51 *5.01+030 11.20%0.80 11.23+0.22 12312034 1183051
Stem 5.57+1.04 451%0.05 30.62=4.01 26.77+1.88 2250%0.69 *26.4120.50
Root ND ND 232012 %0.99+0.14 1.94%0.19 *0.96+0.08
Fructose  Leaf 2.00%0.13 *151£0.16 1.58+0.14 1.35+0.08 0.7120.06 *1.13+0.15
Stem 2.99+0.18 2.76%0.05 6.620.78 6.4420.51 368+0.28 4.50+0.10
Root ND ND 0.59+0.06 *0.450.02 0.442:0.04 *0.2420.01
Mex5 Starch Leaf 17.90+1.48 *23.53*+1.45 41.49+2.45 *34.97+1.34 35.88*1.71 *48.99+3.50
Stem 6.19x0.27 6.47+0.45 36.68+1.00 *32.32*+1.46 42.83+3.72 *63.81+2.20
Root ND ND 1.85+0.06 *1.03£0.05 2.60+0.17 *3.60+0.31
Sucrose Leaf 1.99+0.16 1.81+0.17 3.39+0.19 *2.24+0.09 2.13+0.06 *247*0.14
Stem 0.61+0.04 *0.74+0.03 7.81+0.18 *6.82+0.24 15.86+0.63 14.98+0.99
Root ND ND 3.67+0.04 *2.89+0.03 6.14+0.24 *7.76+0.39
Glucose Leaf 4.71£0.15 4.11£0.24 9.70+0.33 9.46+0.35 9.58+0.28 *11.35+0.39
Stem 4.02+0.14 *491+0.14 31.32+0.42 *32.54+0.35 20.84+0.91 *28.41+0.88
Root ND ND 2.52+0.24 *1.34£0.13 1.45+0.24 *2.97+0.23
Fructose Leaf 1.32*0.07 1.21+0.08 1.10£0.11 0.89+0.09 1.43*0.23 *0.71+0.09
Stem 2.62+0.07 *3.19£0.05 7.54+0.08 *8.16£0.19 4.12+0.25 *5.50+0.50
Root ND ND 0.63+0.04 *0.30£0.02 0.32£0.05 *0.61+0.07
' =Burkholderia caribensis XV and B. ambifaria Mex5;
ND =Not determined;
* =Significant difference with controls at P<<0.05.
doi:10.1371/journal.pone.0088094.t002

nitrogen fertilization has been found to augment grain weight,
biomass, grain yield and harvest index, although a negative effect
was observed as nitrogen fertilizer rates were increased [66]. A
similar effect was obtained in this study, since productivity was
generally increased in fertilized A. cruentus plants. Interestingly, the
beneficial effect observed was potentiated by inoculation with either
B. caribensis XV or B. ambifaria Mex5 (see Figure 5).

The positive effect of N and P fertilization on grain amaranth’s
growth and biomass accumulation were also corroborated in this
work, as shown by Figures 1 to 4, in which all parameters
examined were significantly increased by N and P fertilization,
including N uptake. Interestingly, and similarly to the productivity
experiment, these parameters were also improved by the
inoculation of the PGPR tested, even in chemically fertilized
plants. Once again, this effect was particularly evident with two
PGPR strains, namely B. caribensis XV and B. ambifaria Mex5.
These are free-living and presumably diazotrophic Burkholderia
strains that show promise for agro-biotechnological applications.

Growth promotion by inoculation with the Burkholderia strains
was accompanied always by increased N levels in all plant tissues
tested (i.e. roots, stems and leaves). It is therefore valid to propose
that growth promotion effects were the result, at least partly, of an
enhanced N uptake efficiency. This ‘biofertilization’ effect was
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Figure 4. Growth promoting effect of PGPR inoculation on grain amaranth plants maintained in a low-fertility soil. The effect on
different growth parameters were determined in A. cruentus plants grown in a low fertility soil and inoculated with two strains of Burkholderia (B.
ambifaria Mex5 and B. caribensis XV). The parameters measured 7 weeks after inoculation were the following: A) plant height and stem diameter; B)
leaf area; C and D) total biomass in fresh and dry weight basis, respectively, and F and G) total leaf, stem and root biomass in a FW and DW basis,
respectively. Differences in plant height and leaf area between controls and plants inoculated with B. caribensis XV or B. ambifaria Mex5 are shown in
(E). The effect on total nitrogen levels in leaves, stems and roots produced in plants inoculated with B. caribensis XV is shown in (H). Mean values + SE
are presented. Asterisks over the bars and lines represent statistically different values at P=0.05. Experiments were performed twice, and
representative results are shown.

doi:10.1371/journal.pone.0088094.9004

consistent with the fact that, similarly to most crop plants, N process, most probably because of its high energetic cost (see [59]).
availability is the main yield-limiting factor in grain amaranth (see Other, more probable, scenarios have been raised in which
above). The implied ability that these bacteria have to convert stimulated plant growth is proposed to be the result of improved N
molecular nitrogen into ammonia by virtue of the nitrogenase nutrition occurring as a consequence of increased N uptake in the
enzyme complex ([67]; see Table 1), raised the possibility that the form of NOs . This was in agreement with the results shown here,
positive effects on plant growth and yield observed in grain since growth promotion and grain yield were consistently shown to
amaranth were associated with an increased N provision occurring increase concomitantly with the N status of the substrate/soil in
as a result of its fixation by the rhizobacterial partners. However, which grain amaranth was grown, being lowest in a low fertility
most experimental evidence gathered so far indicates that growth soil deficient in N and NO3 ™ contents (see Table S1 and Figure 4)

promotion by diazotrophic PGPR does not rely on the Ny-fixation and highest in the rich substrate supplemented with chemical N
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that was performed in duplicate are shown.
doi:10.1371/journal.pone.0088094.g005

and P (see Figures 1 to 3). The increased expression of the two
nitrate transporters examined was in accordance with this
possibility, considering the results of various expression studies
that suggest that NOs;  uptake is primarily regulated at the
transcriptional level (see below).

The experiments performed with 4. cruentus cv. Candil (Figure 3)
consistently showed that B. caribensis XV produced the best results
in terms of growth promotion and grain yield. Curiously, plants
inoculated with this strain showed no increase of sucrose (SUC) (in
stem and roots) and starch (in leaves and stem) at 7 wpi (Table 2).
These results have some similarity with a recent report in

PLOS ONE | www.plosone.org

Arabidopsis thaliana showing that growth promotion resembled a
sugar starvation-like transcriptional phenotype that was somehow
induced by an unidentified signal from the associated bacterium
[68]. These workers speculated that such response could be
indicative of an increased metabolic demand for sugars and
energy. Likewise, it could be proposed that the best gains in
growth promotion and yield observed in A. cruentus, which were
presumably caused by improved N uptake, occurred at the cost of
a higher investment in C resources for the maintenance of the
bacterial partner in the rhizosphere. More investigations are
needed to prove this hypothesis.
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Figure 6. Real-time PCR analysis of gene expression in different tissues of PGPR-inoculated A. cruentus plants. The expression levels of
a battery of genes involved in C and N metabolism and transport were measured in roots (A), and leaves (B), of A. cruentus plants inoculated with
Burkholderia caribensis XV. The relative expression levels were determined by qPCR at 3, 5 and 7 weeks after seed inoculation, using the 2744
method, as described in [94]. The bars represent mean values = SE. Dashed lines indicate upper and lower limits beyond which genes were
considered to be up- and down-regulated, respectively. Experiments were performed thrice, and results from a representative experiment are shown.

doi:10.1371/journal.pone.0088094.9g006

However, the gene expression analysis was accordance with the
above possibility. It showed that many genes involved in sugar
transport and metabolism were up-regulated in response to the
moculation with B. caribensis XV in at least one sampling time point
during the seven week period of experimentation. In roots, the
sucrose transporter AASUTI remained constantly up-regulated
during this period, as well as AhBAMYI1. Also relevant was the
expression of a hexose transporter as well as a cytosolic invertase
and an AASUS?2 gene within the first five weeks after inoculation.
The latter genes were also expressed in leaves, in addition to the
ARTPT gene.

In the context of growth promotion, a previous report showed
that the expression of A:SUT1 and AhBAMY'1 were associated with
the high tolerance to defoliation observed in grain amaranth. This
report proposed that the up-regulation of these genes facilitated
SUC transport and starch degradation in the early stages of plant
recovery [69]. Additionally, the constitutive overexpression of a
hexose transporter, STP13, in Arabidopsis, was shown to increase
the expression of a high affinity nitrate transporter and total N

PLOS ONE | www.plosone.org

uptake with the concomitant promotion of plant growth [70].
Moreover, the increased expression of cytosolic invertasel and
ARSUS2 probably contributed to increase the hexose levels in order
to fuel the observed growth promotion in roots and leaves.
Importantly, the increased root surface area produced by the
association with PGPR most probably enabled the plant to forage
a larger volume of soil, which may have led to an enhanced
nutrient uptake and consequent promotion of plant growth [59]. It
could also be argued that increased transport and metabolism of
sugars was probably supporting the augmented flow of C to the
root-associated microorganisms present in the rhizosphere (re-
viewed in [71] and [72]).

In addition, the major role predicted for auxins in rhizobacterial
growth promotion [62,73] was supported by the expression in
both leaves and roots of the AZRDRM3 gene. This gene was also
found to be up-regulated in Arabidopsis plants inoculated with a
naturally associated rhizobacterium [68]. The induction of the
AhDofI gene in both roots and leaves of grain amaranth was in
agreement with findings obtained from Arabidopsis and rice plants
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genetically engineered with a DofI transcription factor, which
showed better growth under N-limiting conditions and an
enhanced net N assimilation, which was closely associated with
the up-regulation of PEPC, PPDK (also induced in leaves, i.e.
ARPEPC, and both leaves and roots, i.e. ARPPDK, of inoculated
amaranth plants), and other genes coding for enzymes responsible
for building the C skeletons used as platforms for inorganic N
uptake [74,75].

It is considered that despite their ability to fix atmospheric Ny,
diazotrophic PGPR are unlikely to provide large amounts of this
form of N to the plants. However, they may greatly influence N
nutrition by increasing NOs;  uptake capacity. One of the
proposed mechanisms is by direct stimulation of NOj3 ™ transport
systems. The possibility that this mechanism was also responsible
for the growth promotion observed in grain amaranth plants is
supported by the expression of the two nitrate transporter genes
examined in this study, most predominantly in roots. Such
proposal is supported by numerous studies showing that NO3
uptake is primarily regulated at the transcriptional level [76-79].
In addition, it was found that the constitutive expression of a high
affinity nitrate transporter in rice led to the enhancement of
vegetative growth under low nitrogen conditions [19].

The induction of genes involved in N assimilation was in
accordance with the results obtained in a recent study in soybean
whose aim was to identify genes associated with an enhanced
nitrogen use efficiency [80]. Thus, similarly to this study, the gene
expression analysis performed in inoculated grain amaranth
showed that, in addition to genes involved in nitrate transport
(see above), several other genes involved in N assimilation were
induced in roots and/or leaves of grain amaranth inoculated with
B. carbensis XV. These included genes coding for a glutamate
dehydrogenase, an NADH GOGAT precursor, and an asparagine
synthetase, which is known to be regulated by the carbon (C)/
nitrogen (N) status of the plant. The expression of other genes
involved in N assimilation, such as AAGSI and AhAlaAT, were also
in accordance with several other related studies that have shown a
positive correlation between the overexpression of cytosolic GS7
and enhanced growth and/or yields in several plants species
(reviewed in [19]) and with reports that demonstrated that the
expression of a barley alanine aminotransferase gene in rice, led to
significantly increased nitrogen uptake efficiency, biomass, and/or
grain yields ([81,82].

An increased expression of C4 photosynthesis-related genes,
(ARNADPH-ME, ARPEPC and ARPPDK), mostly expressed in leaves,
may have also indicated a need to increase CO, uptake in order to
sustain the enhanced plant growth produced by the association
with the different PGPR tested. In this respect, various plant-
microbe interactions have been previously described as having a
strong effect on plant C metabolism [83,84]. This may presumably
represent an attempt by the bacteria to manipulate plant
metabolism in order to gain access to nutrients, but may also be
a manifestation of the positive growth effects of PGPR on plants.

Conclusions

Grain amaranth is a highly tolerant species to adverse
environmental conditions, including poor soils, lack of water and
severe defoliation. However, grain amaranth production world-
wide is hindered by relatively low yields. These are the
consequence of several agronomic characteristics that negatively
affect productivity [1]. This study demonstrated that both yield
and biomass were significantly increased when grain amaranth
plants were inoculated with free-living diazotrophic PGPR, which
proved to be superior to other PGPR such as B. subtilis and
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Rhizobium spp. The effect was evident in both a rich substrate with
high fertility and in an unfertile soil low in organic matter and
primary nutrients, and was still relevant after chemical fertilization
of the plants. Growth promotion appeared to be more evident in
A. cruentus plants, particularly when inoculated with B. caribensis XV,
a PGPR isolated from the rhizosphere of mango trees. An analysis
of gene expression in A. cruentus plants inoculated with B. caribensis
XV revealed that growth promotion was associated with the up-
regulation of genes involved in C and N transport and metabolism.
Thus, the application of PGPR to grain amaranth could be a
strategy to improve productivity, particularly in poor soils with low
fertility and could be also be employed to reduce chemical
fertilization with the consequential reduction of the environmental
pollution problems associated with excessive nitrogen fertilization.

Methods

Plant material and growth conditions

Seeds of Amaranthus hypochondriacus cultivar Nutrisol and A. cruentus
cv. Candil were provided by Eduardo Espitia (INIFAP, México)
and Universidad Nacional de La Pampa, Facultad de Agronomia
(Argentina), respectively. The materials were chosen due to their
commercial and agronomic importance in these countries. All
experiments were performed in the greenhouse, under natural
conditions of light and temperature, from mid-February to the end
of November, which is the suitable growth season for grain
amaranth in central Mexico.

Bacterial growth conditions

The Burkholderia spp. strains were cultivated in LB medium [85];
Bacillus subtilis BEB-DN was cultivated in Potato Dextrose Broth as
described previously [38], whereas Rhizobium sp. XVI was
cultivated in LGI medium [86]. For inocula preparation, the
bacteria were grown aerobically in 1.0-L to 1.5-L of the respective
media (initial Aggo=0.1) on a rotary shaker (145 rpm) using 72 h
incubation at 28°C to obtain bacteria in the exponential phase.
The culture of bacterial cells was pelleted by centrifugation
(5000 xg, 7 min, 10°C), washed twice and re-suspended in sterile
distilled-deionized water. To obtain 1x10° colony forming units
(cfu) per ml in the inoculum, the volume was adjusted based upon
a correspondence established between the absorbance measured at
600 nm and the bacterial concentration. The density of bacteria
was further estimated by plating dilutions of inoculum in Petri
dishes containing 1.5% agar plus the respective medium (w/v).
Bacteria were inoculated at a density of 1x10° cfu/gr of
substrate/soil.

Bacterial re-isolation

Samples of 1 g of rhizospheric soil were collected 7 weeks after
mnoculation to determine the bacterial population of B. ambifaria
Mex5 and B. caribensis XV. This was done following the
methodology described by Constantino et al. [87]. The 16S
rRNA gene sequences were determined by PCR amplification
[88] and direct sequencing. For the phylogenetic analyses, related
16S rRNA gene sequences within the genus Burkholderia were
included. 16S rDNA sequences were aligned by using the ClustalX
program. The phylogenetic tree for the datasets was inferred from
the neighbor-joining method described by Saitou and Nei [89] by
using the Molecular Evolutionary Genetics Analysis (MEGA)
software, version 5 [90] (data not shown).

In planta screening for growth promotion

Briefly, in order to determine inoculation effects, two initial
growth promotion pot experiments (GPPE) with two amaranth
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cultivars, five bacterial strains and two inoculation procedures
were followed by three final GPPEs with one amaranth cultivar,
two bacterial strains and one inoculation method. These
experiments were performed in the years 2011 and 2012. In
addition, a yield pot experiment (YPE) was performed with one
amaranth cultivar, two bacterial strains and a mixed inoculation
procedure in the summer/fall of 2012. In both the preliminary
GPPEs and the YPE, the effect of chemical fertilization on PGPR
bio-fertilization was evaluated. An additional comparative exper-
iment was performed in the fall of 2012 with plants grown in a
poor soil (GPPE-PS) collected from a field located in the town of
San Juan de la Vega in the municipality of Celaya in the state of
Guanajuato, Mexico (Table S1). No chemical fertilization was
applied in this experiment.

The initial GPPE was performed (February to April, 2011) with
both grain amaranth species and with five prospective growth
promoting rhizobacterial strains having biocontrol properties.
These were the following: Bacillus subtilis BEB-DN, originally
isolated from the rhizosphere of field-cultivated potato plants in
the municipality of Leén, state of Guanajuato, México [91] and
known to confer resistance against whitefly infestation in tomato
[38]; Rhuzobiwum spp. XXV, Burkholderia caribensis XV, and B. cepacia
XXVI, shown to be an effective biocontrol agent against
anthracnose in mango fruits and isolated from the rhizosphere
of mango trees growing in orchards located in the municipality of
Apatzingan, State of Michoacan, México and Chauites, Oaxaca,
Meéxico [37,92]. B. ambifaria Mex-5 was isolated from teosinte
plants (Jea perennis) growing in a natural reserve (“Reserva de la
biosfera, Sierra de Manantlan”) located in the municipality of
Autlan in the state of Jalisco, México. Other salient characteristics
of these bacterial strains are shown in Table 1. Two inoculation
procedures were tested: 1) seed soaking with bacterial cultures, for
30 min, when sowing in 2.5-L plastic pots and 2) soil application
by drenching the base of the seedlings, three weeks after
germination and at the moment of their transfer to 2.5-L pots.
All inoculations were done with bacterial suspensions containing
the equivalent of 1x10° colony-forming units (cfu)/g of substrate.
Inoculated seedlings had been previously germinated in 60-space
germinating trays as described elsewhere [93]. The pots were filled
with a sterile substrate composed of 3 parts Sunshine Mix 3™
(SunGro Horticulture, Bellevue, WA), 1 part loam, 2 parts mulch,
1 part vermiculite (SunGro Horticulture) and 1 part perlite
(Termolita S.A., Nuevo Leén, México). The physicochemical
characteristics of this rich substrate are shown in Table S1. All
experiments were performed in greenhouses located at Cinvestav,
Irapuato, Meéxico (20°40’18"N 101°20'48"W) under natural
conditions of light and temperature. Several morphometric traits
were measured in five plantlets per treatment at 8 weeks (soil
drenching of 3 week-old seedlings) or 7 weeks (seed soaking at
sowing) after inoculation. These were the following: plant height,
stem diameter, total biomass (leaf, stem and roots, in both a dry
[DWB] and fresh weight basis [FWB]) and leaf surface area. The
latter was measured using a Portable Area Meter LI-3000 (Li-
COR; Lincoln, NE, USA). The results of the first set of
experiments, established the basis of a second one performed in
September to November 2011, with both A. cruentus and A.
hypochondriacus, in which only three bacterial strains (i.e. B. carbensis
XV, B. cepacia XXVI and B. ambifaria Mex-5) were inoculated by
seed soaking at sowing. In this second experiment, the perfor-
mance of these PGPR was tested 8 weeks after germination in
groups of five plants that included un-inoculated controls (*
chemical fertilization) and inoculated controls (* chemical
fertilization). Chemical fertilization was done by adding 1.25 g
of N as (NH4)2SO, and 0.857 g of P as PyOs5 to the 2.5-L pots at
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the start of the experiments. The fertilization regime was based on
the amount of N: P: K (180: 40: 00 Kg/ha) recommended for
irrigated grain amaranth cultivation in Mexico (E Espitia-Rangel,
personal communication).

Pot experiments for growth promotion, nitrogen and
carbohydrate content levels and variations in gene
expression

Based on the above data, three additional GPPEs were
performed in the late spring and summer of 2012 (May 7 to
August 27). These experiments were performed under greenhouse
conditions, as described above, and as follows: seeds of A. cruentus
cv. Candil were soak-inoculated at sowing in 2.5-L plastic pots
with 1x10° CFU/ g substrate of B. caribensis XV or B. ambifaria
Mex-5. Plant height, stem diameter, leaf surface area, total
biomass in both a FWB and DWB and leaf, stem and root
biomass, in a FWB, were measured at 3, 5 and 7 weeks after
sowing. Tissue sampling of six plants per treatment was performed
at the same time points. The tissues sampled were leaf, stems and
roots. They were stored at —80°C until required for the
determination of total nitrogen content, non-structural carbohy-
drates (NSC) (starch, sucrose, glucose and fructose) levels and for
gene expression analysis (see below).

Pot experiments for seed yield, harvest index and weight
of 100 seeds

Seeds of A. cruentus cv. Candil were soak-inoculated at sowing in
16-L plastic pots with 1x10°® CFU/g substrate of B. cartbensis XV
and B. ambifaria Mex-5. A second inoculation was performed 8
weeks after sowing by direct application to the substrate
(1x10° CFU/g) surrounding the roots. These experiments
included groups of eleven plants comprising un-inoculated
controls (* chemical fertilization), and inoculated plants (*
chemical fertilization). This experiment was performed in the
greenhouse under the above conditions, from May to November
2012. Step-wise harvest of the plants was started in late October
and terminated in mid-November. Two replicates of the
experiment were performed simultaneously. Colonization by B.
cartbensis XV and B. ambifaria Mex5 was corroborated in all
experiments performed by collecting roots and isolating associated
bacterial, as described above.

Extraction of total RNA and cDNA preparation

Total RNA was extracted from 100-200 mg of frozen tissue
with the Trizol reagent (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s instructions, with modifications.
These consisted of the addition of a salt solution (sodium citrate
0.8 M+1.2 M NaCl) during precipitation in a 1:1 v/v ratio with
1sopropanol and further purification with LiCl (8 M) for one hour
at 4°C. All RNA samples were analyzed by formaldehyde agarose
gel electrophoresis and visual inspection of the ribosomal RNA
bands upon ethidium bromide staining. Total RNA samples (1 ug
for leaf'and 3 pg for root) were reverse-transcribed to generate the
first-strand ¢cDNA using an oligo dTy primer and 200 units of
SuperScript II reverse transcriptase (Invitrogen).

Gene expression analysis by quantitative real-time
RT-PCR (gRT-PCR)

The ¢cDNA employed for the qRT-PCR assays was initially
prepared from 4 pg total RNA. It was then diluted ten-fold in
sterile deionized-distilled (dd) water prior to qRT-PCR. Amplifi-
cations were performed using SYBR Green detection chemistry
and run in triplicate in 96-well reaction plates with the CFX96
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Real Time System (Bio-Rad, Hercules, CA, USA). Reactions were
prepared in a total volume of 20 ul containing: 2 ul of template,
2wl of each amplification primer (2 uM), 8 pl of IQ SYBR
SuperMix (Bio-Rad) and 6 ul of sterile dd water. Quantitative
real-time PCR was performed in triplicate for each sample using
the primers listed in Table S2. Primers were designed for each
gene, based on partial cDNA sequences derived from the
transcriptomic analysis of 4. hypochondriacus [93] or from complete
cDNAs generated in a related study [69]. Primer design was
performed using DNA calculator software (Sigma-Aldrich St.
Louis, MO, USA) and included, when possible, part of unique 3’
non-coding regions to ensure specificity.

The following protocol was followed for all qRT-PCR runs:
15 min at 95°C to activate the 7ag Polymerase, followed by 40
cycles of denaturation at 95°C for 15 s and annealing at 60°C for
1 min. Slow amplifications requiring an excess of 32 cycles were
not considered for analysis. The specificity of the amplicons was
verified by melting curve analysis after 40 cycles and agarose gel
electrophoresis. Baseline and threshold cycles (Ct) were automat-
ically determined using Real-Time PCR System software. PCR
efficiencies for all genes tested were greater than 95%. Relative
expression was calculated using the comparative cycle threshold
method [94], where delta (A) cycle threshold of cDNA from un-
inoculated controls was defined as 100% transcript presence.

The selection of genes was partly based on a recent report
describing that the natural association of 4. thaliana seedlings with
growth promoting Pseudomonas. sp. G62 rhizobacteria induced a
rapid and stable starvation-like transcriptional response which
included genes involved in cell wall modification, C- and N-
metabolism and auxin signaling [68]. These were AARXET,
(xyloglucan endo-transglycosylase-related, isotig 04370), AREXP3a
(o-expansin 3, isotig 07296), A4hASNI (Glutamine-dependent
asparagine synthetase 1, isotig 11850), ArRGDHZ2 (Glutamate
Dehydrogenase 2, isotig 09281), and AZNVRT.3 (Nitrate transporter
3, isotig 03624) and DRM3, an auxin responive gene (isotig 02637).
Genes were also selected from a group of carbohydrate
metabolism and C4 photosynthesis-related genes used to monitor
changes in leaf gene expression in response to source-sink
perturbation caused by partial shading of 12-month-old sugar
cane plants [95]. These included the following: ARME (NADP-
dependent malic enzyme, isotig 05148), AWPEPC (phosphoenole-
nolpyruvate carboxylase, isotig 16713), A2 TPT (triose phosphate/
phosphate transporter, isotig 12255), and ARHT (hexose trans-
porter, isotig 11515). Finally, genes involved in C mobilization and
whose expression was positively correlated with defoliation
tolerance in grain amaranth [69], were analyzed too. These
included the following: AkBAmyl (f-amilasel, isotig 03918); AhA/
NI-1 (cytosolic  invertase 1, accession No. JQO012920), ArSUTI
(sucrose transporterl, isotig 00313), and AhSus? (Sucrose syn-
thase2, accession No. JQO012919). Genes were also selected on the
basis of results obtained from transgenic approaches designed to
improve plant nitrogen use efficiency (NUE) (reviewed in [19]).
These included the following: AANRT.1.1 (nitrate transporterl.l;
isotig 05430); A4hAlaAT (alanine aminotransferase; contig 19731);
AhGS1 (cytosolic glutamine synthetase 1; isotig 04849); ARNADH
GOGAT (NADH dependent glutamate synthase; isotig 12310);
AhDof1 (Dofl transcription factor; isotig 15733), and AhPPDK
(pyruvate orthophosphate dikinase; isotig 00544).
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