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Abstract

Aims We examined the influence of inoculation with
five species/strains of diazotrophic bacteria on the mod-
ulation of two enzymes involved in the assimilation of N
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and on the soluble N fractions in the sugarcane varieties
RB867515 (adapted for low fertility soils) and
TACSP95-5000 (adapted for medium to high fertility
soils) under high- (3 mM) and low (0.3 mM)-N condi-
tions in hydroponic cultivation for 59 days.

Methods The sugarcane plants were produced in three
steps to obtain the hydroponic cultivation: the supply of
3 mM N for 30 days (first harvest), N depletion for 72 h
(second harvest), and cultivation in high- and low-N
conditions over 26 days (final harvest). Inoculation
was performed by immersion of the minisetts in a dilut-
ed solution of five diazotrophic bacteria. After the final
harvest, plants were divided into roots and shoots to
assess their dry weight and N, P, and K accumulation.
Results The variety played an important role in the
interaction with diazotrophs, each showing distinct be-
havior in the activity of their N-assimilation enzymes.
The nitrate reductase activity (NRa—EC 1.7.1.1) was
increased in var. RB867515 by 26% in the shoots and by
48% in the roots after 72 h under N depletion, while var.
TACSP95-5000 showed a reduced enzymatic activity in
the roots (by 62%) but not in the shoots. Under high-N
conditions, the inoculated TACSP95-5000 plants
showed 31% higher glutamine synthetase activity
(GSa—EC 6.31.2) compared with 19% in RB867515.
Under low-N conditions, the GSas were 21% and 16%
higher in the inoculated RB867515 and IACSP95-5000
plants, respectively, compared with that of the control.
The content of nitrogen in the form of nitrate (N-nitrate)
confirmed these varietal differences, but the soluble
sugar content did not.
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Conclusions The varieties utilized N sources different-
ly, and inoculation modified the activity of two N-
assimilation enzymes as well as the biomass accumula-
tion, with the highest improvement seen in the low
fertility-adapted variety RB867515; it showed a greater
response to inoculation compared with that of the high
fertility-adapted variety TACSP95-5000, with an in-
crease in biomass and nutrient accumulation (N, P, K),
especially when cultivated under low-N conditions.
This suggests that the best response to inoculation with
diazotrophs will be achieved using low fertility-adapted
sugarcane varieties under low-N conditions.

Keywords Diazotrophic bacteria - Saccharum sp. -
Enzymatic activity - Nitrogen

Introduction

Sugarcane is associated with a diverse community of
bacteria and fungi that can contribute to plant growth
and protection from environmental stress (Souza et al.
2016). Following the isolation and description of
diazotrophs associated with sugarcane, it was observed
that the contribution of biological nitrogen fixation can
be up to 40 kg N/ha obtained by the natural process of
N, reduction (Urquiaga et al. 2012). Based on this
observation, efforts have been made to improve N ac-
cumulation in sugarcane by biological nitrogen fixation
processes using bacterial inoculation (Oliveira et al.
2006; Schultz et al. 2014).

Sugarcane propagation is based on cuttings from the
stalks, and the size and number of buds can vary de-
pending on the method of planting. By using a single
bud (stem node), it is possible to reduce planting costs as
a smaller number of stalks is needed to obtain the
propagules. A method commonly applied in Brazil is
the use of a single node containing one bud to produce
plantlets grown in tubes, which are subsequently
transplanted to the field (Landell et al. 2012). This
procedure reduces the amount of millable stalks per area
from 8 to 10 t to 3—4 t. The approach of using one bud as
a propagule and inoculation with bacteria can be easily
adopted by farmers for seedling production. Selecting
diazotrophic bacteria adapted to the respective plant
habitat and associated with other properties that promote
plant growth can be a strategy to reduce N application,
improve root development by the production of diverse
phytohormones, and contribute to plant survival after
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transplanting to the field, which can reduce losses
(Santos et al. 2017).

Although sugarcane plants can extract 100-300 kg of
N from the soil to produce 100 Mg ha™' of millable
stalks per cycle (Fortes et al. 2013), this crop is well
known for its low response to nitrogen addition during
the first plant-cane cycle (Cantarella et al. 2007). Nitro-
gen fertilizer recovery by sugarcane is also low, and
ranges from 20 to 40% of the applied fertilizer, depend-
ing on the N source used (Franco et al. 2010). Several
mechanisms of N loss are involved in this low recovery,
including leaching and ammonia volatilization
(Thorburn et al. 2005). One of the possible mechanisms
is related to the low-N necessity of the plant regarding
inorganic sources present in the soil solution (ammoni-
um and nitrate), and recent data suggest that organic
forms of nitrogen can also contribute to N nutrition in
plants (Vinall et al. 2012). The contribution of microbi-
ota to sugarcane plant nutrition is normally associated
with the abundance of bacteria on the plant, and the
microbiome diversity is strongly correlated with the
efficiency of the biological nitrogen fixation (BNF)
process (Dong et al. 2018). Previous studies have de-
scribed the successful association of bacteria with vari-
ous plant parts responsible for N reduction, including
the roots and shoots of sugarcane and sorghum inocu-
lated with Herbaspirillum and Gluconacetobacter
diazotrophicus (James et al. 1994; 1997; James and
Olivares 1998); however, the respective mechanisms
of these occurrences remain to be described
comprehensively.

Diazotrophs can modify nitrogen uptake by improv-
ing the root architecture of plants and can also affect the
enzymes responsible for N utilization (Santos et al.
2017). This improvement is one of the explanations
for the promotion of growth after inoculation with dif-
ferent bacterial species or strains, as observed in several
studies (Cassan et al. 2014; Costa et al. 2002). More-
over, growth improvement depends on the plant variety
(Manter et al. 2010). Typically, the varieties selected for
cultivation under suboptimal soil conditions also re-
spond positively to inoculation with diazotrophic bacte-
ria (Schultz et al. 2014). However, the nitrogen metab-
olism in relation to enzymatic activity or partitioning of
N in specific plant tissues of inoculated plants is not yet
comprehensively described. We hypothesized that inoc-
ulation using selected diazotrophs can alter N acquisi-
tion, assimilation, and distribution in sugarcane plants.
In this context, a hydroponic sugarcane experiment was
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performed using two sugarcane varieties in order to
assess the nitrate reductase (NRa) and glutamine syn-
thetase activity (GSa), as well as the soluble fractions of
N, in plant tissues after applying an inoculant composed
of five diazotrophs during the initial growth under high-
and low-N levels using hydroponics.

Material and methods

The experiment was conducted in a greenhouse with
automated humidity and temperature controls. The
greenhouse was located at Embrapa Agrobiology in
the municipality of Seropédica, Rio de Janeiro (RJ)
(22°44'38" S and 43°42'28" W, 26 m a.s.l.). The exper-
iment was conducted in a randomized block design in a
factorial scheme (2 x 2 x 2) with six replicates, using
two sugarcane varieties (RB867515 and IACSP95-
5000) in the presence or not of the inoculation treatment
using a mixture of five diazotrophs, and two nitrogen
doses (low, 0.3 mM and high, 3.0 mM).

Sugarcane varieties and planting procedure

The sugarcane varieties RB867515 and IACSP95-5000
were obtained from the experimental station of Embrapa
Agrobiologia. Certain differences between the varieties
are described as follows: RB867515 has excellent
adaptability and production stability in soils with low
fertility, and IACSP95-5000 grows well in soils of me-
dium to high fertility. Fresh stems of each variety were
cut into pieces containing one bud (minisetts), and after
cutting, the minisetts were immersed in water at 52 °C
for 30 min (short heat treatment), as described by
Sanguino et al. (2006). This heat treatment was sug-
gested to control ratoon stunting disease and reduces the
bacterial biome in the minisetts while not eliminating
the bacteria (Reis et al. 1994). After this, the minisetts
were immersed in a fungicide solution containing meth-
yl N-{2-[1-(4-chlorophenyl)-1H-pyrazol-3-
yloxymethyl] phenyl} (N-methoxy) carbamate
(Pyraclostrobin 250 g L™") solution at 0.1% for 3 min.
After the cleaning steps, the minisetts were maintained
at 25 °C for 1 h to dry the excess water.

Inoculation

The inoculation treatment comprised the use of five
diazotrophic bacteria strains preselected by Oliveira

et al. (2006), all of which were isolated from sugarcane.
The species/strains used were as follows:
Gluconacetobacter diazotrophicus strain BR11281"
(PAL-5T) described by Cavalcante and Déobereiner
(1988); Herbaspirillum seropedicae BR11335
(HRC54) described by Baldani et al. (1986);
Herbaspirillum rubrisubalbicans BR11504 (HCC103)
described by Baldani et al. (1996); Paraburkholderia
tropica BR11366" (PPe 8 1), formerly belonging to the
genus Burkholderia, described by Reis et al. (2004) and
recently reclassified by Oren and Garrity (2015); and
Nitrospirillum amazonense BR11145 (CBAMc), for-
merly belonging to the genus Azospirillum, described
by Magalhdes et al. (1983) and reclassified by Lin et al.
(2014). All strains were deposited in the diazotrophic
bacteria collection of the Johanna Débereiner Biological
Resource Center (CRB-JD) (BR numbers).

To produce the inoculation medium, each bacterial
strain was individually cultured in a DYGS culture
medium (Baldani et al. 2014). After confirming purity,
one colony was inoculated in 5 mL of DYGS medium
and grown in a rotary shaker at 150 rpm and 30 °C for
48 h. After this, 1 mL of the culture was transferred to
75 mL DYGS medium for culturing under the same
conditions for approximately 24 h until a population
density of 10® cells mL™" was reached (measured using
the Neubauer counting method). This volume of each
strain was added to 175 mL of neutralized sterile peat to
produce 250 g inoculant per strain. A mixture of the
inoculants was produced for inoculation as described by
Santos et al. (2017). Each bag contained 10® bacterial
cells g ' peat before planting. This mixture (1250 g=
five bags) containing the different immobilized bacteria
was added to 50 L of distilled water to produce an
equalized population of 107 cells mL™" for the immer-
sion procedure. For inoculation, the minisetts were im-
mersed in the diluted inoculation mixture for 30 min.
The inoculant counts and plant population after the tube
phase were performed using the most probable number
technique, as described by Baldani et al. (2014), with
four semi-solid N-free media, LGI-P, JNFb, LGI, and
IMV, suggested for G. diazotrophicus, Herbaspirillum
sp., N. amazonense, and P. tropica, respectively.

Experimental setup
The substrate of plants in the sprouting stage was com-

posed of a mixture of sand and vermiculite at a ratio of
2:1 (v/v). The substrate was sterilized by autoclaving
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twice (121 °C for 30 min) on alternate days. The sub-
strate showed the following characteristics: pH (water),
4.7; exchangeable elements (cmolc dm™ ): AL 0.2;Ca+
Mg, 0.9; individual Ca and Mg, not detected; available P
(Mehlich-1), 3.0 mg dm > K, 10.0 mg dm>; no traces
of organic matter or N. At this initial budding stage, no
fertilizer was applied as the propagation material
contained sufficient nutrients for growth. The minisetts
were distributed in randomized blocks with four repli-
cates. Each replicate comprised 15 minisetts planted at a
depth of 4 cm in a plastic container. After 16 days, the
plants were transplanted to tubes (Table 1).

The plants were grown in 180-cm’ tubes (63-mm
diameter, 135-mm height) containing the commercial
substrate Multiplant™ (Buschle & Lepper SA, Joinvil-
le, Santa Catarina, Brazil). The substrate showed the
following characteristics: pH (water), 5.5; exchangeable
elements (in g kg_l): Ca, 20.2; Mg, 12.2; K, 2.12;
available P (resin), 2.0; and N, 6.7. The plants were
grown in the tubes for 30 days, which is the amount of
time necessary for developing the secondary root sys-
tem, depending on the environmental conditions and
plant variety, among other factors. After this, the plants
were transferred to a hydroponic system (Table 1). Be-
fore the transfer, the node was removed from the newly
formed plant to avoid the confounding effects of nutri-
ents present in the node.

In the hydroponic system, a modified Hoagland nu-
trient solution was used (Hoagland and Arnold 1950).
Plants were grown in plastic pots of 7.5 L filled with
5.5 L of constantly aerated nutrient solution. The com-
position used contained macronutrients at 50% ionic
strength and micronutrients at 100% ionic strength.

Table 1 Time schedule of the sugarcane growth and evaluations

The chemical composition of the nutrient solution with
high N (3.0 mM) in g L™ was as follows: N-NO5
0.035; N-NH,*, 0.007; P, 0.0155; K, 0.117; S-SOy4 ,
0.0954; Ca, 0.080, and Mg, 0.024. The chemical com-
position of the nutrient solution with low N (0.3 mM) in
g L' was as follows: N-NO;~, 0.0035; N-NH,",
0.0007; P, 0.0155; K, 0.117; S-SO4, 0.124; Ca,
0.080; and Mg, 0.024. Then, 1 mL L ! of micronutrient
solution (in g Lt Fe, 0.002; B, 0.0005; Cu, 0.00002;
Mn, 0.0005; Zn, 0.00005; and Mo, 0.00001) was added
to the two solutions. The salts, acids, or bases used in the
solutions were as follows: Mg(NO3),.6H,0,
Ca(NO3)2.4H20, (NH4)2SO4, KzHPO4, MgSO4,
CaSO4.2H20; C10H12N2NaF603.3H20, H3BO3,
CUSO4.5H20, MHSO4.7H20, ZHSO4.7H20, and
Na,MoOy,.

The plants were cultivated with the high-N solution
for 30 days, after which a new solution without nitrogen
was applied for 72 h. After this starvation period, half of
the plant pots were filled with the high-N solution
(3.0 mM), and the other half were filled with the low-
N solution (0.3 mM). Every 2 days, the pH was mea-
sured and adjusted to 6 using 0.05 N NaOH solution
and/or 0.03 N hydrochloric acid (HCI). The nutrient
solution was renewed each week. The plants were
grown under these conditions from day 40 to day 59;
it means, 26 days after hydroponics (DAH) (Table 1).

Three harvests were performed to examine enzymat-
ic activity and soluble metabolites of nitrogen metabo-
lism (Table 1). In the first harvest (after 30 DAH), 15 g
of root and leaf tissue (the first fully expanded leaf from
the leaf apex, without the central vein [leaf +1]) was
collected after 72 h without a supply of N. From the final

Experimental steps

1. Sprouting 16 days in plastic box containing
sterile sand/vermiculite substrate.
30 days in tubes containing commercial

substrate Multiplant™ not sterile.

59 days in the Hoagland modified
solution and divided in 3 phases.

2. Tubes

3. Hydroponic

At day 16 where transplanted to tubes.

12 replicates of each treatment transplanted to the

hydroponics.

Phase 1 - Supplied with high N level (3 mM) for

30 days—first harvest. Enzyme measurements
and soluble fractions

Phase 2 - N depletion during 72 h—second harvest.

105 days after inoculation (DAI)

Enzyme measurements and soluble fractions

Phase 3 - Splitting the Hoagland’s solution in 2 N levels—high

(3 mM) and low (0.3 mM) third harvest—six replicates. Biomass
and nutrient content—26 days—final harvest. Enzyme measurements
and soluble fractions
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harvest (59 DAH and 105 days after inoculation;
Table 1), the leaf and root tissues were collected for
analyses. The soluble fractions were prepared in 80%
alcohol, and 0.5 g was used to test the nitrate reductase
activity (NRa), and 0.5 g frozen in liquid nitrogen and
stored at — 70 °C was used to test the glutamine synthe-
tase activity (GSa). The samples were stored at — 70 °C
until GSa analysis, and samples for the soluble fraction
analysis were stored in ethyl alcohol diluted to 80% (v/v)
with deionized water. The dry mass and N, P, and K
contents were measured after the final harvest.

Tested parameters

In the first and second harvest, only 2.0 g of the leaf +1
and 2.0 g of root tissue were collected and used for
analyses of nitrate reductase activity (NRa), glutamine
synthetase activity (GSa), and soluble fractions. After
the third harvest, plants were separated into leaves, stem,
and roots and were dried at 60 °C in a forced-air oven
until constant weight. The dry material was ground for
nutrient accumulation analyses. The NRa analysis was
performed 24 h and 7 days after applying the nutrient
solution containing 3.0 mM N.

Nitrate reductase activity (EC 1.7.1.1)

NRa (EC 1.7.1.1) analysis was performed using an
in vivo method according to Jaworski (1971) and
adapted for sugarcane by Santos et al. (2014). Samples
were collected during the day and removed in order of
blocks to avoid delays in the analysis. The sampling
material comprised 0.5 g of ground root tissue and the
leaf +1 cut approximately 1 cm from the stem insertion
using liquid nitrogen. The ground tissue samples were
placed in the dark in 10 mL of extractive solution
(2.5 mL of phosphate buffer prepared with KH,PO, at
a concentration of 285 mmol dm™> and pH 7.3,2.5 mL
of KNOj; at a concentration of 300 mmol dm >, 1.0 mL
0f 0.6% (v/v) Tween 20, and 4.0 mL of deionized water).
The samples were then immediately subjected to a vac-
uum treatment (600 mmHg) for 3 min, and then placed
in a water bath at 32 °C for 90 min. After the incubation
period, aliquots of 0.5 mL of the incubation solution of
each sample were collected and transferred to test tubes
to which 0.5 mL of 1% sulphanilamide and 0.5 mL of
0.02% N-naphthyl-ethylenediamine were added. The
mixtures were incubated for 20 min, after which 4 mL
of deionized water was added. The absorbance was

measured at 540 nm using a spectrophotometer (2000
UV model; Bel Photonics Company-Brazil) to deter-
mine the NO, concentrations according to a standard
curve using NaNO,. Enzymatic activity was estimated
based on the amount of NO, released by the plant
tissues in the incubation solution and was expressed in
umol of NO,  h™" ¢! fresh weight. Nitrate assimilation
by the roots is regulated by photosynthesis, and thus
shows a marked circadian activity pattern; therefore,
samples were collected during the expected peak of
activity.

Glutamine synthetase activity (EC 6.31.2)

Samples of fresh leaf tissue and roots (0.5 g) were
treated with liquid nitrogen to produce a fine powder
to which 1.5 mL of extraction buffer (5 mL of 1 M Tris-
HCl at pH 8.0, 0.2 mL of 0.5 M EDTA atpH 8.0, 1.5 g
of polyvinylpolypyrrolidone, 0.154 g of dithiothreitol,
30 mL of glycerol, 0.5 mL of 200 mM
phenylmethylsulphonyl fluoride, and 100 mL of deion-
ized water) was added. The homogenate was centri-
fuged at 14,000 rpm in a refrigerated centrifuge (5415
R; Eppendorf) at —4 °C for 30 min. The total protein
content was determined by absorbance measurement
using a spectrophotometer at 540 nm and with bovine
serum albumin (Sigma) as a standard. Protein extracts
containing 50 pg mL ™" of protein were used to quantify
the GSa. For this purpose, an extraction solution was
prepared from 2.5 mL of 1 M imidazole-HCI pH 7.5,
2.5 mL of 0.1 M hydroxylamine-Tris pH 7.5, 0.203 g of
MgCl,'6H,0, 0.184 g of L-glutamate, 0.138 g of ATP,
and 17.5 pL of 3-mercaptoethanol and added to 100 mL
of deionized water. A 0.45 mL aliquot of this buffer was
added to 0.5 mL of the protein extract. This mixture was
then incubated at 30 °C for 30 min, after which the
reaction was terminated by the addition of 0.35 mL of
a ferric chloride reagent added to trichloroacetic acid
and dissolved in HC1 0.5 N. The absorbance was mea-
sured at 540 nm using an Anthos Zenyth 200 ST micro-
plate reader (Biochrom) with standard y-glutamyl
monohydroxamate (Sigma). GSa was expressed in
umol of y-glutamyl monohydroxamate min~' pg '
protein.

Nitrogen soluble fractions and soluble sugars

One-gram samples of leaf and root tissue were
added to 20 mL of ethyl alcohol diluted to 80% (v/
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v) with deionized water, ground for 3 min using a
Turratec grinder, model TE-102 (12 mm propeller;
Tecnal), homogenized, and filtered using four layers
of gauze. The filtrate was collected and transferred
to a separatory funnel using chloroform for separa-
tion of the polar and non-polar phases. The non-
polar phase was discarded, and the polar phase was
used for analyses. The levels of nitrate and nitrite
were determined simultaneously according to Miran-
da et al. (2001), N-amino (free amino acids)-free
content was measured using the ninhydrin method
according to Yemm and Cocking (1955), ammonium
content was determined using the colorimetric meth-
od described by Mitchell (1972), and soluble sugar
content was measured according to Yemm and
Willis (1954).

Total N, P, and K

The leaves, stems, and roots were dried in a forced-air
oven at 65 °C to a constant weight, after which the
samples were ground using a Wiley mill, and the total
N, P, and K concentrations were analyzed. Sulfuric
digestion and distillation were used to determine the N
content, and nitro-perchloric digestion was used to de-
termine the P and K content (Sarruge and Haag 1974).
The nutrient concentrations (kg kg™' dry weight) were
multiplied by the corresponding dry mass of the plant
and the respective amount was expressed for each nu-
trient in terms of mg plant '

Statistical analyses

The data were analyzed for normality (Lilliefors test)
and homogeneity of variance (Cochran and Bartlett test)
using the statistical software package SAEG 9.0
(Euclydes 2004). After this, an analysis of variance
was performed using the SISVAR program 5.3
(Ferreira 2010). When significant results were obtained,
Tukey’s test was performed. Statistical significance is
reported at p <0.05. Pearson’s correlation coefficients
were calculated using Past 3.14 software (Harper and
Ryan 2001) to test linear relations between the variables.

Results

Thirty days after the beginning of the hydroponic culti-
vation, the first measurement of NRa was performed in
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the roots and leaves of the two sugarcane varieties to
compare the effect of high-N conditions (3 mM N) with
that of no N addition for 72 h (Fig. 1). Under high-N
conditions, NRa remained stable in both tissues in var.
RB867515 but was reduced in the roots of var.
TACSP95-5000; however, the enzymatic activity in the
roots was four times lower than that observed in the
shoots (Fig. la, c). Var. RB867515, adapted to poor
soils, showed a higher NRa in the roots and shoots when
inoculated in the absence of N (Fig. 1b, d). The enzy-
matic activity in roots was reduced by 60% in the
absence of N and even under low-N conditions; NRa
activity in [ACSP95-5000 was reduced by the inocula-
tion treatment (Fig. 1b).

Glutamine synthetase activity (GSa) was mea-
sured in the shoots and roots, but in the roots the
activity was very low and could not differentiate
between the treatments applied. The colorimetric
method was not sufficiently sensitive to measure
the enzymatic activity in the roots (Fig. 2a, b). In
the shoots, both varieties responded positively to
inoculation in the presence or absence of N (Fig.
2c, d). The absence of N in the Hoagland’s solution
for 72 h enhanced GSa by 8% in both varieties in
response to N stress, as plants start to use accumu-
lated cellular N reserves (Fig. 2d).

The N-nitrate content in the shoots and roots of the
two sugarcane varieties was higher after 30 days of
cultivation with 3 mM N and decreased rapidly after
72 h without N addition to the Hoagland’s solution
(Fig. 3). Inoculation did not produce an effect under
high-N conditions, but after N depletion, the enzymatic
activity in the shoots was enhanced in the inoculated
plants of both varieties.

The opposite pattern was observed regarding the
N-amino fraction, which was higher after N deple-
tion (Fig. 4). The N-amino content was lower in the
roots during the initial growth phase, as this N form
is typically transferred to the shoots. After 72 h
without N, N-amino increased rapidly as a response
to N deficiency.

The soluble sugar content in the roots and shoots did
not differ between varieties and inoculation treatments,
in accordance with observed the N-amino content
(Fig. 5). Higher values were observed in the shoots,
where N is incorporated in carbon metabolites produced
by photosynthesis. The contents of both N-amino and
soluble sugars increased in the roots after N-depletion,
and inoculation did not have an effect on this pattern.
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Fig. 1 Nitrate reductase activity (umol NO, h™' g' fresh
weight) on leaves and roots of two sugarcane varieties inoculated
or not with the bacterial mixture, grown for 30 days in a 3.0 mM
dose of N modified Hoagland solution (a, ¢) and after 72 h of N

Third harvest

In response to the different amounts of N applied during
plant development in the first 59 days, both varieties
differed in biomass accumulation between the treat-
ments, particularly var. RB867515 (Fig. 6). Under
high-N conditions (3 mM N), inoculation did not affect
the shoot dry weight in both varieties (Fig. 6a). Under
low-N conditions, the shoot dry weight increased by
47% in var. RB867515, reaching similar values to those
of plants grown under high-N conditions (Fig. 6b). The
roots of var. RB867515 also responded to inoculation
regarding both N levels, whereas no response to the
inoculation treatment was observed in var. [ACSP95-
5000 (Fig. 6b, c). In var. RB867517, the inoculation

b) Roots — 72 h without N
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d) Shoot — 72 h without N

1.204 C— control
[/ inoculated
Z 1.0 2 a a
) —I— {,
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depletion (b, d). Columns represent mean value and bars represent
the standard error of 12 repetitions. Columns with the same lower
case letter compare inside each cultivar are not significant different
at p<0.05

treatment produced a similar total biomass accumulation
in both low- and high-N-treated plants (Fig. 6e, f). Plants
at this stage are shown in SM1 (Fig. 11; SM1).

The accumulated N differed between treatments and
varieties at the end of the experiment (Fig. 7). Under
high-N conditions (3 mM), var. RB867515 accumulated
50% more N in the shoots when inoculated compared
with that in the control (Fig. 7a). The same pattern was
observed under low-N conditions (Fig. 7b). In var.
TACSP95-5000, inoculation had no effect (Fig. 6) on
the N (Fig. 7b), P, and K (Fig. 7d, f) contents. Inocula-
tion led to a higher dry mass production and P and K
accumulation in var. RB867515 (Figs. 6 and 7c, e).

In contrast, inoculation increased the total P and K
under low-N conditions in var. RB867515, but did not
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Fig. 2 Glutamine synthetase activity pmol y-glutamil
monohydroxamate mg protein') in shoots and roots of two sug-
arcane varieties inoculated or not with the bacterial mixture, grown
for 30 days in a 3.0 mM dose of N modified Hoagland solution (a,

affect the N concentration in the roots of both varieties
(Fig. 8). The total K was also higher in the inoculated
var. RB867515 under high-N conditions (Fig. 8¢).
Enzyme activities and soluble fractions at the final
harvest presented smaller effects of the inoculation treat-
ment than those observed previously when plants were
completely depleted of N for 72 h (Table 2). Mainte-
nance of 0.3 mM N reduced the efficiency of inoculation
observed by a comparison of high- and low-N condi-
tions, and differed between varieties. The NRa was
lower in both tissues of var. RB867515, compared with
those in var. JACSP95-5000, especially in inoculated
plants at 3 mM N. In the control plants, the NRa was
higher in the shoots than in the roots (3.5-fold in
RB867515 and 5-fold in IACSP95-5000). Inoculation
reduced this difference (3- and 4.6-fold shoot/root ratio).
Similar values of NRa were observed under low-N
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¢) and after 72 h of N depletion (b, d). Columns represent mean
value and bars represent the standard error of 12 repetitions.
Columns with the same lower case letter compare inside each
cultivar are not significant different at p <0.05

conditions (0.3 mM,) ranging from 0.134 to 0.272 pumol
NO, h' g fresh weight.

The GSa increased in the shoots of the var.
RB867515 upon inoculation and at this final harvest;
in addition, the roots showed improved Gsa activities in
both varieties under low-N conditions (Table 2). The N-
amino and sugar contents were not affected by inocula-
tion or N condition. The two varieties showed different
N-amino contents in the inoculated roots and under low-
N conditions; IACSP95-5000 presented a higher level
than RB867515, independent of inoculation. The N—
NOs  content in the shoots also increased in the inocu-
lated plants of both varieties tested, independent of the
N level. However, this was reduced in the inoculated
roots, especially in var. [ACSP95-5000. Under both N
conditions, higher N-NO; concentrations were ob-
served in the roots than in the shoots (Table 2).



Plant Soil (2020) 451:25-44

33

a) Root—30 days with 3 mM of N

= 80 a a C—1 control
_ﬁ) a C— inoculated
5] a

z —I— %

Z

£ 6.0+

“on

%m

w 4.0

o

S

g

S

S 20

=}

o

o

L

£

Z 0.0

RB867515 TIACSP95-5000

¢) Shoot — 30 days with 3 mM of N

0.9
a 1 control

0.8 % b —
0.74 {7 e o

0.6

1

Nitrate content (umoles NO, g~ fresh weight)

0.5+
0.4+
0.3
0.2+
0.1

0.0

3 inoculated

RB867515 TACSP95-5000

Fig. 3 Nitrate content in the shoots and roots of two sugarcane
varieties inoculated or not with the bacterial mixture, grown for
30 days in a 3.0 mM dose of N modified Hoagland solution (a, ¢)
and after 72 h of N depletion (b, d). Columns represent mean value

Discussion

N metabolism in plant tissue occurs in the roots and
shoots, and nitrate and ammonium can be assimilated in
different ways. Nitrate is typically reduced to ammoni-
um followed by the assimilation of ammonium into
amino acids (Masclaux-Daubresse et al. 2010). The
results of the two sugarcane varieties RB867515 and
TACSP95-5000 showed that the variety plays an impor-
tant role in this process, and the interaction of variety
and inoculation can also affect enzymatic activities
(Figs. 1 and 2). The enzymatic activity at this initial
growth stage differed between varieties tested, plant
compartments, and N levels. For example, var.
RB867515 enhanced the NRa in the leaves and roots
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and bars represent the standard error of 12 repetitions. Columns
with the same lower case letter compare inside each cultivar are
not significant different at p < 0.05

of the inoculated plants after 72 h without N (26% and
48% respectively) compared with that in the control.
The opposite occurred in the IACSP95-5000 roots (by
62%), whereas no effect of inoculation was observed in
the shoots (Fig. 1).

Glutamine is the primary product of nitrogen assim-
ilation from all inorganic nitrogen sources (nitrate, direct
ammonium uptake) and is well studied in leguminous
plants due to the importance of BNF in nodulated spe-
cies. Glutamine synthetase is involved in ammonium
assimilation and is released by several metabolic path-
ways (Lea and Miflin 2010). The GSa plays a role in
nitrogen assimilation processes, such as photorespira-
tion and amino acid catabolism, and is typically detected
in chlorophyllous tissue (Bernard and Habash 2009;
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Fig. 4 N-amino contents in the shoots and roots of two sugarcane
varieties inoculated or not with the bacterial mixture, grown for
30 days in a 3.0 mM dose of N modified Hoagland solution (a, ¢)
and after 72 h of N depletion (b, d). Columns represent mean value

Verma et al. 1993); thus, low levels are expected in the
roots, as observed in Fig. 2. Like NRa, the GSa was also
modified by the N level as well as the inoculation, which
improved its activity (31% in IACSP95-5000 and 19%
in RB867515 compared with that in the control; Fig.
2¢). This pattern was also observed under low-N condi-
tions and was 21% and 16% higher in the inoculated
RB867515 and IACSP95-5000 plants, respectively
(Fig. 2d).

For instance, in the 20 combinations of treatments
(hydroponics, shoots and roots, two varieties, N deple-
tion, and low- and high-N conditions [0.3 and 3 mM and
time of harvest]), the increment or reduction in each
tested variety was used as a comparison for the inocu-
lation treatment and variety tested (Fig. 9). Inoculation
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and bars represent the standard error of 12 repetitions. Columns
with the same lower case letter compare inside each cultivar are
not significant different at p < 0.05

significantly increased the NRa and GSa in almost all
evaluations performed with var. RB867515, except for
under high-N conditions (3 mM). The opposite occurred
in var. TACSP95-5000; a small increase in the NRa was
seen in the roots without N, and a higher increase in GSa
was observed in the roots under high-N conditions and
in the shoots independent of N level. Based on these two
enzyme activities, we can differentiate the control from
the above inoculation treatments.

Previous studies using other bacterial species
found effects of inoculation on the NRa in cereals,
such as maize and wheat (Reis Junior et al. 2008;
Ribaldo et al. 2005; Aliasgharzad et al. 2014). In
sugarcane, Santos et al. (2017) observed the highest
NRa in var. RB966928 under N depletion,



Plant Soil (2020) 451:25-44

35

a) Root — 30 days with 3mM of N

91 C— control
3 [ inoculated

a

iR

(=} 2
L L

Sugar content
(mg glucose g'l fresh weight)
E W

—_ [} w
L h |

0

RB867515 TACSP95-5000

c¢) Leaf—30 days with 3mM of N

257 C—1 control
a 1 inoculated
% a
= 204 a
% t a
(5]
o Z %
5% 151
23
o~
)
& O
5 § 10
=
)
o0
£ s
0

RB867515 TACSP95-5000

Fig. 5 Sugar contents in in the shoots and roots of two sugarcane
varieties inoculated or not with the bacterial mixture, grown for
30 days in a 3.0 mM dose of N modified Hoagland solution (a, ¢)
and after 72 h of N depletion (b, d). Columns represent mean value

depending on the strain used. Nogueira et al. (2001)
used inoculation with G. diazotrophicus and
Herbaspirillum to study gene expression and ob-
served that genes related to nitrate reduction and
uptake were upregulated in the inoculated plants.
In contrast, the GSa is involved in nitrogen sensing
and the regulation of primary and secondary metab-
olism; it is tightly linked to energy consumption by
the plant and by microorganisms, and to the nitrogen
status of the cell in both organisms (Wagner et al.
2013). Purcino et al. (1996) compared the GSa and
yield of six maize varieties inoculated with different
strains of Azospirillum, and the GSa was not influ-
enced by the N supply. Pereira-Defilippi et al.
(2017) also compared maize genotypes and two
expressed sequence tags coding for key enzymes of
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and bars represent the standard error of 12 repetitions. Columns
with the same lower case letter compare inside each cultivar are
not significant different at p < 0.05

nitrogen metabolism in maize, which are nitrate
reductase and glutamine synthetase in the presence
of Azospirillum inoculation; in this case, the N level
and genotype affected gene expression.

The N-nitrate content was decreased by inocula-
tion in the shoots for both varieties under N depletion
for 72 h; however, in the roots, the opposite occurred
and the N-nitrate content was increased 100% by the
inoculation treatment in var. RB867515 (Fig. 9). The
N-amino content presented high levels compared
with those of N-nitrate, but inoculation did not play
a role in this fraction evaluated in both N levels (Fig.
4). This suggests that the increase of the N-amino
pool is positively related to growth in both varieties
(Fernandes and Rossiello 1995); however, in
RB867515, this difference was affected by
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Fig. 6 Biomass accumulation of two sugarcane varieties grown in
a modified Hoaglands solution and inoculated or not with the
bacterial mixture at 59 DAH. Seedlings were submitted to high
dose of N (3.0 mM) for 30 days, then the N of the solution was
suppressed for 72 h and then resuspended with the dose 3.0 mM

inoculation, which indicated that inoculation in-

creased the N-amino pool and resulted in higher
growth. The N-amino content had an opposite
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RB867515 TACSP95-5000

(a, ¢, and e) or 0.3 mM (b, d, and f) during 26 days. Columns
represent mean value and bars represent the standard error of 6
repetitions. Columns with the same lower case letter compare
inside each cultivar are not significant different at p < 0.05

response, depending on the variety tested, as expect-
ed by the NRa activity. The soluble sugar content was
a less sensitive parameter in almost all tested N levels
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Fig. 7 Nutrient accumulation (N, P, and K) in the shoots of two
sugarcane varieties using hydroponic and inoculated or not with
the bacterial mixture. Plants were submitted to high dose of N
(3.0 mM) for 30 days, then the N of the solution was suppressed
for 72 h and then resuspended with the dose 3.0 mM (a, ¢, and e) or

and inoculations, decreasing in seven of eight
instances. Donato et al. (2003) also observed a lower
effect of N application on the sugar content in six
sugarcane varieties at 45 days after planting under
high-N conditions. Moreover, a low-N-concentration
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0.3 mM (b, d, and f) for 26 days. Columns represent mean value
and bars represent the standard error of 6 repetitions. Columns
with the same lower case letter compare inside each cultivar are
not significant different at p <0.05

growth medium increased the sugar content in a
sugarcane cell suspension, as observed by Veith and
Komor (1993).

The biomass accumulation and nutrient content of
the shoots and roots after 59 days of hydroponics were
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Fig. 8 Nutrient accumulation (N, P, and K) in root of two sugar-
cane varieties using hydroponic and inoculated or not with the
bacterial mixture. Plants were submitted to high dose of N
(3.0 mM) for 30 days, then the N of the solution was suppressed
for 72 h and then resuspended with the dose 3.0 mM (a, ¢, and e) or

higher in var. RB867515. All evaluated parameters of
biomass and N, P, and K accumulation were increased
by inoculation in RB867515 but not in IACSP95-5000,
which is selected for soils with high natural fertility
(Fig. 10). It is important to note that the control of the
two examined varieties is naturally associated with a
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0.3 mM (b, d, and f) for 26 days. Columns represent mean value
and bars represent the standard error of 6 repetitions. Columns
with the same lower case letter compare inside each cultivar are
not significant different at p < 0.05

microbiome, which can contribute to N supply and
growth; however, in the responsive genotype
RB867515, growth was stimulated by inoculation, es-
pecially under low-N conditions (90% increase in total
N compared with that in the uninoculated control). It is
known that sugarcane varieties differ in nitrogen
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Table 2 Enzyme activity and soluble fractions of two sugarcane varieties inoculated or not with a mixture of five diazotrophs at the final

harvest
NRa (umol NO,” h™! g fresh weight)
3.0 mM N 03 mM N
Shoots Control Inoculated Control Inoculated
RB867515 0.525Ba+0.008 0.405Bb+0.018 0.272A£0.011 0.260A+0.017
TACSP95-5000 0.739Aa +0.046 0.664Ab £0.064 0.199B+0.013 0.195B+0.012
Root Control Inoculated Control Inoculated
RB867515 0.148a+0.001 0.134b+0.002 0.137+0.003 0.139+0.002
TACSP95-5000 0.148 £0.002 0.144+£0.002 0.138£0.002 0.134+£0.002
GSa (umol de y-glutamyl monohydroxamate pg protein ' min ')
3.0 mM N 03 mM N
Shoots Control Inoculated Control Inoculated
RB867515 0.049b+0.008 0.089a+0.005 0.060b+0.013 0.081a+0.013
TIACSP95-5000 0.052 +£0.005 0.057+0.006 0.057+0.012 0.077+0.018
Roots Control Inoculated Control Inoculated
RB867515 0.104+£0.010 0.088 +£0.004 0.088 +0.007 0.105+0.008
TIACSP95-5000 0.087 +£0.006 0.097+0.012 0.096+0.012 0.106+£0.010
N-amino (umol N-amino g ' fresh weight)
3.0 mM N 0.3 mM N
Shoots Control Inoculated Control Inoculated
RB867515 24.459 £ 4.850 25.997+3.592 25.519+£4918 25.878 £2.628
TIACSP95-5000 33.319+3.320 25.997+3.191 26.474+2.605 29.210+1.521
Roots Control Inoculated Control Inoculated
RB867515 28.345+£3.789 25.430B +£5.830 30.534B +£5.515 24.863 B+1.849
IACSP95-5000 28.345+3.083 34.056A +3.100 37.757TA+£5.414 28.265 A +4.850
Sugar content (mg glucose g ' fresh weight)
3.0 mM N 0.3 mM N
Shoots Control Inoculated Control Inoculated
RB867515 12.896+£1.146 14.884+£1.335 14.207 £2.260 15.055+1.386
TACSP95-5000 16.305+2.155 14.884+£3.013 14.293+£1.131 17.474£0.990
Roots Control Inoculated Control Inoculated
RB867515 5.704+£0.911 5.528 A +£0.989 7.096A £0.693 8.066 A +£0.856
TIACSP95-5000 5.704 +0.826 3.123B+0.480 5.878B £ 0652 7.564 B+0.915
Nitrate content (umol NO; gf1 fresh weight)
3.0 mM N 03 mM N
Shoots Control Inoculated Control Inoculated
RB867515 0.882b+£0.045 0.970a+0.091 0.829b+0.076 1.059a+0.113
TACSP95-5000 0.723b+0.089 0.995a+0.066 0.893b+0.041 0.918a+0.090
Roots Control Inoculated Control Inoculated
RB867515 3.708a+0.570 2.876b+0.390 2.663+£0.215 2.294+0.114
TACSP95-5000 5.187a+0.931 2.295b+0.414 2.202+£0.067 2.535+0.187

Control not inoculated and inoculated means application of a mixture of five bacterial strains. Different capital letters indicate significant
differences among genotypes within the same N level in the column; different lowercase letters in the line indicate significant differences

among treatments of inoculation at p < 0.05 (n = 6)
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accumulation and their contribution of natural BNF
(Urquiaga et al. 2012). Moreover, inoculation and
growth effects differ between varieties in sugarcane
(Oliveira et al. 2006), maize (Alves et al. 2015), and
rice (Vargas et al. 2012), among others.

Comparing the results, the improvement of biomass
was correlated with the NRa and N-nitrate content but
not with the GSa or N-amino content (Table 3; SM2).
These results can be partially explained by the impor-
tance of this nitrate N form for sugarcane growth. This
can be expected, as NO3 ™ is one of the most abundant
sources of N in natural and agricultural systems (von
Wiren et al. 2000). As the tested variety was selected for
the tropical soils of Brazil, it can be assumed to be
suitable for several regions and climates; thus, the re-
sponse to NO3  could be described as a preference for a
particular N source in this variety, in contrast to
TACSP95-5000, which also uses this N-source, but in
a different way. In addition, NO;3 can act as a signaling
molecule that modulates gene expression in a wide
range of processes, including plant growth and root
architecture (Alvarez et al. 2012).

Furthermore, the dry weight accumulation was pos-
itively correlated with the soluble sugar content and
negatively correlated with the N-nitrate and N-amino
contents (Table 3, SM2). Sugarcane, used for sugar
production, has a sink—source system, which is not
normally observed in other plants, including members
ofthe Poaceae family; it accumulates sugars on the stem
nodes as a final product, not grains. During initial
growth, stems start to produce new nodes, and it is
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known that this plant accumulates sucrose both inside
and outside of the cell, in the apoplast and in the
symplast (Wang et al. 2013). Bacteria used in the inoc-
ulant mixture are considered endophytes and normally
inhabit the apoplast space (James and Olivares 1998).
The sugar content showed a reduced trend in both
varieties; inoculation, however, did not seem to have
an effect (Fig. 5).

Growth promotion associated with diazotrophic in-
oculation has been studied over several decades, and
new insights of this association continue to emerge. The
five bacterial species/strains tested in the present study
produce different plant regulators belonging to the clas-
ses of auxins (Fuentes-Ramirez et al. 1993; Rodrigues
et al. 2008), gibberellins (Bastian et al. 1998), and
cytokinins (da Silva et al. 2015). These compounds
were suggested to be responsible for root development
and water and nutrient uptake (Cassan et al. 2014). P
and Zn solubilization is also a mechanism described in
Gluconacetobacter diazotrophicus (Crespo et al. 2011,
Saravanan et al. 2007). One of the predicted effects of
bacterial inoculation, which produces plant regulators, is
that these hormones enhance the expression and activity
of various enzymes involved in plant nitrogen metabo-
lism, and the biomass increment observed in the respon-
sive var. RB867515 supports this suggestion. However,
var. JACSP95-5000 did not exhibit a positive interaction
and can be considered as neutral by the lack of response
in several of the examined parameters. Partida-Martinez
and Heil (2011) classified the plant-bacteria interaction
according to the observed consequence into negative,
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neutral, and positive effects, and correlated these classes
with the abundance of bacteria. In sugarcane, the stem is
colonized by a diverse microbiome which changes over
time (Souza et al. 2016). The minisetts used in the
experiment were naturally colonized by this
microbiome and the inoculation treatment may have
interacted with this differently in each variety (Table 4;
SM3). The abundance of bacteria present in the plants at
the time of planting or at the time of harvest might not
differ between inoculated plants and controls, as all of
the applied strains occur naturally in the nodes of sug-
arcane plants. The natural population counted before
transplanting to the hydroponics produced values above
10,000 cells gfl fresh weight (Table 4; SM3). Inocula-
tion increased these numbers 10- to 100-fold, approxi-
mately. However, a single immersion of the stem pieces
in the inoculant produced effects on different parame-
ters, which were not correlated with the bacterial abun-
dance in this case.

The respective mechanisms have not been compre-
hensively studied in sugarcane, particularly regarding
the effect of inoculation. As the NRa and GSa were not
correlated with the biomass at the final harvest (Table 3;
SM2), it can be speculated that sugarcane plants can
compensate for N stress by utilizing N sources that are
not related to inorganic N, or that NO; may act as a
signaling molecule to improve root development (Fig.
6¢, d), with a higher effect in responsive varieties.

Nitrogen accumulation and efficiency differ between
sugarcane varieties (Robinson et al. 2007; Whan et al.

% increment

2010). RB867515 is one of the most commonly used
varieties in Brazil; it is adapted to poor tropical soils and
is also highly productive and resistant to diseases, be-
sides other favorable characteristics (RIDESA 2015).
Schultz et al. (2012, 2014) compared different varieties
under field conditions using the same five bacterial
strains tested in the present study, and RB867415 and
RB72454 showed differences in the stalk yield depend-
ing on the location and sugarcane growth cycle. The
tested bacterial strains also differed regarding their
growth promotion effect (Suman et al. 2013). The opti-
mal combination of bacteria and plant variety remains to
be identified. Efforts must be made to understand the
mechanisms involved in the plant-bacteria interaction
and the efficiency of the N utilization of responsive
varieties is a measure that can contribute to future breed-
ing programs and the selection of adequate bacterial
strains.

Nitrogen plays a crucial role in plant growth, and the
selection of bacterial strains that can be applied as an
inoculant for sugarcane production is difficult and can-
not be compared with the seed inoculation of legumes or
cereals, such as maize and wheat. The technology has
several disadvantages, as the propagation of this culture
uses pieces of the mother plant that are already colo-
nized by a natural microbiome. Applying a single inoc-
ulant species or a mixture of strains using a single node
is therefore a feasible approach.

Growth promotion and the direct contribution of
nitrogen fixation are mechanisms that have been

@ Springer



42

Plant Soil (2020) 451:25-44

investigated in sugarcane, and the association of the rate
of BNF with that plant variety has been reported by
Urquiaga et al. (2012). However, potential markers for
evaluating the responsiveness of a variety to inoculation
have not yet been described. Since Oliveira et al. (2006),
the above mixed inoculant is being used under field
conditions in Brazil (Schultz et al. 2012, 2014). Sugar-
cane crop production, represented by tons of fresh stalks
with a higher sugar accumulation, is the final objective
of this research. Using selected varieties in association
with selected diazotrophs is a feasible approach and can
be used to reduce N losses and improve N acquisition by
the plant. Elucidating how this plant—bacteria associa-
tion is modulated by N is one of the initial steps to
improving this technology.
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