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Abstract

In twenty-first century, free-living endophytic and rhizosphere-competent microbes have become breakthrough
strategies to meet global demands for sustainable foods and renewable fuelstocks owing to their great potential to
produce stress-tolerant food and energy crops. Here, we investigate how Bacillus aryabhattai could mitigate water
stress by drought in sugarcane seedlings. Briefly, the sugarcane genotypes, namely IAC91-1099 and RB85-5156,
both exposed to cells-centrifuged B. aryabhattai suspension at 1x10° CFU mL™ and non-treated were developed
under irrigation regimes of 0, 7, 14 and 21 days to simulate different degrees of soil moisture content. The
osmotolerant bacterium remarkably enhanced development of aboveground structures and root system, mainly in
irrigated seedlings of IAC91-1099. Clearly noted that microbial metabolism depends on genotype and soil water
potential to promote plant growth. This bacterium probably enabled sugarcane plants in early phenological stages
to cope with water deficit by regulation of plant growth hormones along with solubilization of nutrients. Of particular
importance, the bacterium exerted more pronounced effects by conferring drought tolerance at 7 and 14 days
irrigation interval, irrespective of sugarcane genotype, which also translated into increased biomass of shoots and
roots. Microbial degradation of ethylene precursors exuded in rhizosphere could reasonably explain why B.
aryabhattai-associated seedlings developed deeper root systems to uptake water and nutrients and, conse-
quently, allocating larger amounts of dry matter to shoots. Collectively, our findings provide relevant insights on
the beneficial effects of the cacti-associated B. aryabhattai in alleviating the harmful effects of drought stress in
seedlings and contribute to increasing our understanding of the phenotypic outcomes from the interaction be-
tween sugarcane genotypes and a beneficial rhizobacterium. Hence, this bacterial inoculant forms a low-cost and
ecologically sound strategy to enhancing drought stress tolerance in sugarcane crops planted in water-limited
zones in Brazil.

Additional keywords: morphological change; plant growth-promoting bacterium; rhizobacterium; Saccharum
spp.; water stress.

Resumo

No século XXI, os microrganismos endofiticos e rizosféricos de vida livre tornaram-se estratégias inovadoras
para atender as demandas globais por alimentos sustentaveis e por combustiveis renovaveis, devido ao seu
grande potencial em promover culturas alimentares e energéticas tolerantes a estresses. Nessa pesquisa,
investigou-se como o Bacillus aryabhattai pode mitigar a deficiéncia hidrica em mudas de cana-de-agUcar. Os
gendtipos de cana-de-aclcar, IAC91-1099 e RB85-5156, ambos expostos ou ndo a uma suspensdo de B.
aryabhattai centrifugada, 1x108 UFC mL™, foram cultivados sob regimes de irrigacéo de O; 7; 14 e 21 dias para
simular diferentes graus de umidade do solo. A bactéria osmotolerante melhorou notavelmente o
desenvolvimento de estruturas aéreas e do sistema radicular, principalmente em mudas irrigadas de IAC91-
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1099. A bactéria B. aryabhattai, provavelmente, permitiu que as plantas de cana, em fases fenoldgicas precoces,
minimizassem as consequéncias da deficiéncia hidrica mediante regulacéo de fito-horménios e solubilizacdo de
nutrientes. De particular importancia, a bactéria exerceu efeitos mais pronunciados ao conferir tolerancia & seca
em 7 e 14 dias de intervalo de irrigacao, independentemente do gendtipo da cana-de-agUcar, o que também se
traduziu no aumento da biomassa da parte aérea e das raizes. A degradacdo microbiana dos precursores de
etileno presentes na rizosfera poderia explicar, razoavelmente, por que as plantulas associadas a B. aryabhattai
desenvolveram sistemas radiculares mais profundos para absorver agua e nutrientes e, consequientemente,
alocar maiores quantidades de matéria seca na parte aérea. Esses resultados fornecem informacdes relevantes
sobre os efeitos benéficos de B. aryabhattai no alivio dos efeitos prejudiciais do déficit hidrico em plantulas e
contribuem para aumentar nossa compreensao dos resultados fenotipicos da interagcao de genétipos de cana-de-
aclcar com uma rizobactéria benéfica. Portanto, esse inoculante bacteriano forma uma estratégia
ecologicamente correta e de baixo custo para mitigar a tolerancia a deficiéncia hidrica em areas de cana-de-
acucar plantadas em terras secas.

Palavras-chave adicionais: alteracBes morfolégicas; bactéria promotora de crescimento vegetal; deficiéncia

hidrica; rizobactéria; Saccharum spp.

Introduction

Brazil is the world’s largest producer of sugar-
cane (Saccharum spp.) and an exporter of industrial-
ized sugar. For the production of bioethanal, it is only
surpassed by the United States, whose industrial bio-
fuel production uses corn (Zea mays L.) as the source
of starchy grains. The bulletin about the Brazilian sug-
arcane harvest, planned and issued regularly by the
National Food Supply Company (CONAB), linked to
the Brazilian Ministry of Agriculture, Livestock, and
Food Supply (MAPA), projects that in 2018/19, the
planted area will exceed 10 million hectares, which will
produce 35.5 million tons of sucrose, 28 million liters of
hydrated alcohol, and 11 million liters of anhydrous
alcohol (Mapa, 2017; Conab, 2018).

Nationally, the average replanting rate of sugar-
cane is equivalent to 10%. Particularly in sugarcane
plants, the pre-sprouted seedling (PSS) technique is
used to revitalize unproductive fields and establish of
secondary nurseries. Although technically efficient, this
propagation method is unlikely to be sensitive to water
deficit; in planting, there will be intense dehydration of
PSS, if the availability of water in the soil is not suffi-
cient to the meet evapotranspiration demand of the
crop. The main consequences are undoubtedly: gen-
eralized mortality, unsatisfactory productive yield of
high-quality raw material, and inevitably unsustainable
cost of production (Agroanalysis, 2017; Endres et al.,
2018).

Agricultural productivity is unidirectionally influ-
enced by multiple biotic and abiotic factors, mostly due
to water deficit (Naser and Shani, 2016). Scientific
research with emphasis on drought tolerance induced
by application of Bacillus aryabhattai (Firmicutes:
Bacillaceae), a plant growth inducing species, in soy-
bean (Glycine max L. Merril) and rapeseed (Brassica
napus L.) proved the possibility to biologically mitigate
tolerance (Siddikee, 2010; Park et al., 2017). In addi-
tion, experimental trials conducted in both the field and
greenhouse found, in addition to drought tolerance,
significant productive returns for sugarcane and corn
treated with Bacillus spp. and Azospirillum spp., re-

spectively (Kavamura et al., 2013; Santos et al., 2017).

Plant growth-promoting microorganisms are
authentically effective in the production of drought tol-
erant crops. In rhizosphere, or endophytically, these
plants are able to withstand possible water deficits by
the synthesis of siderophores; organic complexes of
heavy metals, mainly Fe; and secretion of gibberellins,
abscisic acid, cytokinins and indole-acetic acid. These
phytohormones alter the architecture of the root sys-
tem, morphoanatomically, by promoting the absorbent
and adjacent roots; consequently, intensifying the ab-
sorption of mineral resources that condition plant
growth and development. The other notable direct and
indirect benefits include solubilization of nitrates, phos-
phates, Ca, Mg, Zn, and Si, making them readily
assimilable for functional roots; biofixation of atmos-
pheric N,; symbiotic association to arbuscular
mycorrhizal fungi, which is very important to the inter-
ception of P, a mineral element practically immobile in
soil solution; stimulation of the biosynthesis of jasmonic
and salicylic acids, which are fundamental to the
phytohormonal signaling of precursor routes of sec-
ondary metabolites for the synthesis of antimicrobial
compounds, including alkaloids, aldehydes, phenols
and phytoalexins, and antioxidant enzymes that are
sequesters of reactive oxygen species; and biocontrol
of potential phytopathogens by the synthesis of antibi-
otics and interspecific competition for rhizosphere
niches and substrates vital to microbial metabolism
(Schmidt et al., 2014; Cherif et al., 2015; Mareque et
al., 2015).

Because sugarcane is extensively planted in
water-limited zones in Brazil where crop yield is strik-
ingly stagnant, one appealing and environmentally
friendly approach lies in exploring the ability of the
cacti-rhizobacterium B. aryabhattai to ameliorate plant
growth under drought stress when applied as a bio-
inoculant on sugarcane seedlings. Therefore, the main
goal in this study was to assess the effectiveness of
this osmotolerant rhizobacterium in promoting sugar-
cane growth and enhancing the drought stress toler-
ance as to provide the foundation for the development
of the first bioinoculant applied to sugarcane seedlings
that sustain its production in Brazilian regions that suf-
fer from water scarcity.
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Materials and methods

Location and experimental design

The experiments were set up and conducted at
the Brazilian Agricultural Research Corporation
(Embrapa Environment), located in Jaguariiina, a mu-
nicipality of the State of S&o Paulo, Brazil. Between
January and March 2018, sugarcane plant varieties
IAC91-1099 and RB85-5156 were grown in a green-
house. A completely randomized design was used,
with eight replications, in a 2 x 2 x 4 factorial scheme,
respectively: sugarcane variety (IAC91-1099 and
RB85-5156), seedling type (natural: not inoculated,
and treated: inoculated with Bacillus aryabhattai), and
irrigation frequency (0, 7, 14, and 21 days).

Acquisition and cultivation of B. aryabhattai

The osmotolerant bacterium, B. aryabhattai,
was isolated from a Brazilian semi-arid cactaceous
species (Kavamura et al., 2013). After completing the
genotypic characterization, strain CMA 1363 was
added to the collection of microorganisms at the La-
boratory of Environmental Microbiology (LMA) of
Embrapa Environment. For the experimental assays,
the strain was cultivated in Petri dishes, maintained in
a biochemical oxygen demand (BOD) growth chamber
at 25 °C for 24 h. Bacterial colonies, after grown on

solidified yeast extract medium, were then transferred
to similarly formulated liquid medium. The bacterial
liquid culture was shaken in rotary incubator shaker at
25 °C for 72 h. The bacterial broth was centrifuged at
7000 rpm for 15 min. Finally, in a spectrophotometeré
the bacterial cell concentration was adjusted to 1x10
CFU mL™ (Santos et al., 2017).

Formation and biological treatment of seedings

Seedlings were formed by adopting the tech-
nique of multiplication of mini-wheels, detailed by
Landell et al. (2012). Individually planted in tubes, filled
with bark of carbonized Pinus sp..

At the stage of formation, completed in forty
days, seedlings were treated with the bacterial sus-
pension immediately before planting them to the final
location.

Substrate preparation and transplanting

At transplanting, planting boxes (1.0 m length x
0.6 m width x 0.6 m height) were filled with gravel,
0.2 m layer at the bottom of the boxes, artificial origin
aggregate with excellent drainage properties, and
sieved soil, from a dystrophic Red-Yellow Latosol as a
substrate. During the substrate preparation, the
composite soil sample was characterized at points
collected in an area adjacent to the greenhouse (Table 1).

Table 1 - Physical and chemical properties of the dystrophic Red-Yellow Latosol.

Attribute
P-mehlich K* ca” Mg** Org. Mat. Clay
PH (mgdm?®  (mmol. dm™®) (mmol. dm®) (mmol, dm™) (g kg™ (g kg™
5.1 24.2 3.6 45.6 22.8 38.6 77.0

The plant growth substrate was mixed with the
aid of a concrete mixer, 4 months before the experi-
ment, to neutralize reactions of potential acidity in the
soil. The fertilization in the planting boxes consisted in
the application of doses equivalent to 40 N, 150 P,Os,
and 140 kg ha™ K,0, in the form of Urea, Simple Su-
perphosphate, and Sodium Chloride, respectively,
evenly distributed at 10 cm below the upper surface of
the boxes, in the bottom of furrows, during the filling
with sifted and limed earth, to simulate the local fertili-
zation of sugarcane plans.

Management of water stress environments

To determine the field capacity of the soil used,
water was applied to the sail, reserved in a 2 m width
dam, until it reached the state of water saturation. After
the soaking, the system was covered, superficially, with
plastic canvas, avoiding water loss through evaporation.
The humidity was monitored at regular intervals of 12 h,
until insignificant variation in the drainage profile was
observed. In the laboratory, undisturbed soil samples,
collected by volumetric ring, were dehydrated in a forced
air circulation oven at 105 °C for 48 h. The field capacity
was then calculated by mass difference.

At irrigation dates, sufficient volumes of water
were applied to reestablish field capacity, dynamically

monitored by the CS 616 sensor from Campbell Scien-
tific.
Technical evaluation of induced drought tolerance

The technical evaluation, carried out 60 days
after transplanting, considered the vegetative charac-
teristics, plant height, number of tillers and leaves,
stem diameter, dry mass of roots and shoots as bio-
logically induced morphological indicators of tolerance
to drought. The plant height was measured by a ruler
graduated in centimeters; the number of tillers and
leaves were counted, disregarding of vestigial and
underdeveloped structures; the stem diameter was
measured with digital caliper, in three regions: lower,
middle and higher. To determine the dry mass of roots
and shoots (samples composed of stems, tillers and
leaves) they were washed with tap water to remove
soil and impurities and then dehydrated in a forced air
circulation oven at 60 °C, until they reached constant
masses.

Data analysis

The Shapiro-Wilk normality test was applied to
all data sets separated by each response variable
measured at the end of the experiments. After the
Gaussian distribution was tested, the data were sub-
mitted to regression analysis. To the fitted models, the
analysis of variance was applied to test for robustness
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together with the coefficient of determination (adjusted
R") and P-value at the level of 5% significance. In the
exploratory analysis of morphological changes induced
by the application of B. aryabhattai in sugarcane plants
under water stress, we applied main component analy-
sis and fuzzy c-means algorithm, classifier and unsu-
pervised pattern identifier that, distinct from the k-
means grouping method, based on Boolean or binary
logic, allows the object or individual to have real values
between 0 and 1 (Nayak et al., 2015). The number of
components necessary for orthogonal reduction of the
dimensionality of the original data set was determined,
preserving the maximum variability statistically, possi-
bly interpreted in subsets free of related variables, by
the Kaiser-Meyer-Olkin test, which considers useful
only eigenvalue unit or higher (Jolliffe & Cadima,
2016). Additionally, we determined: normalized contri-
bution of vegetative characteristic for the variant of
principal and representative Cartesian component of
environment of induced water stress. Once the factorial
map was developed, the fuzzy c-means algorithm was

applied to the clustering of microclimates by similarity,
calculated by the Euclidean metric. Multivariate statisti-
cal analyses were performed in R environment (R Core
Team, 2017).

Results

Effects of genotype, frequency of irrigation, and
B. aryabhattai on characteristics in morphological
traits

The genotype influenced plant height, number of
tillers and leaves, dry mass of roots and shoot, sug-
gesting that these sugarcane -cultivars grow and
develop differently. On the other hand, the varieties
IAC91-1099 and RB85-5156, under induced water
stress, developed shoots that were morphologically
similar in relation to the diameter (Table 2).

Table 2 - Analysis of variance genotype effects, irrigation frequency, and biological treatment on vegetative
characteristics of sugarcane plant varieties, IAC91-1099 and RB85-5156, grown in environments of induced water

stress.

Source of variation

Vegetative Characteristic™

H NT NL SD RDM SDM
I:calculated
Genotype (A) 208.37* 30.72* 219.22* 3.86 721.11*  249.13*
Frequency (B) 185.35* 7.46* 61.81* 105.03* 107.71* 136.86*
Biological treatment (C) 6.41* 11.54* 19.24* 21.06* 222.24* 42.50*
AxB 49.74* 1.43 9.63* 33.06* 39.50* 23.62*
AxC 19.29* 10.74* 1.64 5.62*  190.11* 3.68
BxC 2.60 1.46 3.72* 3.56 11.46* 8.18*
AxBxC 2.99* 0.65 4.73* 4.23* 10.78* 5.27*
Coefficient of variation (%) 7.93 52.14 17.54 12.20 25.07 8.02
P-value 0.20* 0.45* 0.81* 0.49* 0.66* 0.23*

O H - Plant height; NT - number of tillers; NL - number of leaves; ST - stem diameter; RDM - root dry mass; SDM - shoot dry
mass. * Significant by the Shapiro-Wilk and Fisher tests (P <0.05).

There was interaction of irrigation frequency
and biological treatment only for number of leaves, dry
mass of roots and shoot. Therefore, the range of water
stress and biological performance of B. aryabhattai
cells are independent factors for plant height, number
of tillers, and stem diameter.

Interactive effect of irrigation frequency and
biological treatment in phenotypic characteristics

The interactive effect of irrigation frequency and
biological treatment on plant height, number of tillers and
leaves, stem diameter, dry mass of roots and shoot of
the sugarcane varieties, 1AC91-1099 and RB85-5156,
natural and treated, cultivated in environments of
induced water stress, is presented in Figure 1.

Plant height and number of tillers

The natural and treated plants of variety
IAC91-1099 grew to sizes equivalent to 40.6 and

41.5 cm, respectively. Therefore, plant height is
fundamental, independence of the such factors, as
frequency of irrigation and biological treatment.

The models adjusted to the vegetative char-
acteristic in question suggest the possibility of plants at
60 days - natural and treated - of larger size, if they are
irrigated at intervals of 7 and 14 days. Shifts longer
than these, in addition to limiting sugarcane growth,
probably damaging physiological routes and biochemi-
cal reactions by the prolonged water stress, in addition
to compromising the biological performance of B.
aryabhattai cells. Therefore, plants treated with the
bacterium and irrigated at a frequency of 7 days grew,
on average, 45.18 cm, while uninoculated plants man-
aged at the frequency of 7 days were 43.7 cm.

For the variety RB85-5156, larger irrigation
intervals (21 days) favored the plant growth of both
natural and treated plants, whose sizes were 34.7 and
38.2 cm, respectively.
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Figure 1 - Interactive effect of irrigation frequency and biological treatment on vegetative characteristics of the sugarcane plant varieties, IAC91-1099 and
RB85-5156, natural and treated with B. aryabhattai, cultivated in environments of induced water stress; * Significant by Fisher’s test (P <0.05).
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Number of leaves

The performance of B. aryabhattai, in relation
to the growth promotion in sugarcane cultivation, is
conditioned to the availability of water in cultivation
substrate for the cultivar IAC91-1099. Therefore, this
assumption justifies the greater number of leaves
counted in treated plants, irrigated at intervals of 7 and
14 days, of 10 and 10.6 leaves, respectively, compared
to those submitted to the 21-day shift, which produced
only 8.6 leaf units. For the variety RB85-5156, the nat-
ural and treated plants irrigated at intervals of 7 and 14
days vyielded 7.5 and 6, and 8.3 and 7.6 leaves, re-
spectively. Therefore, in addition to being genetically
defined and controlled, the production of leaves on
sugarcane plant varieties, IAC91-1099 and RB85-
5156, is affected by the water restriction interval and by
the presence of the biological asset.

Stem diameter

Cultivated under irrigation intervals of 7 and 14
days, plants of IAC91-1099 and RB85-5156 inoculated
with the bacteria produced stem of 13.0 and 14.7; 12.6
and 13.4 cm diameter, while those developed naturally,
support structures diameters of 11.9 and 13.26; 10.8
and 11.5 cm, respectively.

Root dry matter

The highest root dry matter was determined in
treated IAC91-1099 plants, irrigated at 14- and 21-day
intervals, which were 13.7 and 15.0 g, respectively. In
addition, B. aryabhattai more than doubled the root dry
matter yield in plants irrigated at a frequency of
21 days, relative to the control, for this variety.

However, the variety RB85-5156 was not responsive to
the presence of the bacteria in its roots, showing no
positive effect of the inoculation of the seedlings when
transplanted for later development in soil.

Shoot dry matter

Finally, in relation to shoot dry matter, treated
and natural IAC91-1099 plants produced, on average,
43.7 and 34.5 g, respectively. This dissimilarity is con-
sistent because, in addition to inducing root growth,
B. aryabhattai intensified the accumulation of stem bio-
mass and allowed greater availability of tillers and
completely expanded leaves. The benefits of
B. aryabhattai become even more evident in irrigated
plants at intervals of 7 and 14 days, which provided,
52.4 and 61.1; 35.9 and 45.7 g, for inoculated and non-
inoculated plants, respectively. In all the water stressed
microenvironments, 1AC91-1099 plants obtained
higher productive yields of shoot dry matter, compared
to those of RB85-5156.

Principal component analysis of vegetative charac-
teristics of sugarcane plant varieties and factorial
map and fuzzy clusters of water stress
environments

From the analysis of main components, two
subsets obtained the maximum variability, statistically
useful in relation to the morphological alterations in of
the sugarcane plant varieties, IAC91-1099 and RB85-
5156, natural and treated with B. aryabhattai, cultivated
in environments of water stress imposed by irrigation
frequencies (Table 3).

Table 3 - Principal component analysis of vegetative phenotypic traits of the sugarcane varieties, IAC91-1099 and
RB85-5156, untreated or treated with B. aryabhattai, cultivated in environments of water stress imposed by irriga-

tion frequencies.

Primary component

Secondary component

Eigenvalue 4.48* 1.03*
Percentage of variance 74.67 13.82
Accumulated percentage of variance 74.67 88.48
Correlation
Plant height 0.94* 0.28
Number of tillers 0.83* -0.42
Number de leaves 0.82* -0.13
Stem Diameter 0.72* 0.65*
Root dry mass 0.86* 0.37
Shoot dry mass 0.99* 0.05
Standard Contribution
Plant height 0.20 0.09
Number of tillers 0.16 0.21
Number de leaves 0.15 0.02
Stem Diameter 0.12 0.50
Root dry mass 0.16 0.16
Shoot dry mass 0.21 0.02

* Significant by the Kaiser-Meyer-Olkin and Pearson tests (P <0.05).
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The degree and direction of correlations be-
tween vegetative characteristics, plant height, number
of tillers and leaves, stem diameter, dry mass of roots
and shoot, and primary subset, describe genotypic
responsibility of B. aryabhattai to induced tolerance to
dryness because this bacterium vigorously promoted
this in IAC91-1099 plants. In relation to the secondary
subset, correlated to stem diameter, this could be in-
terpreted as phenotypic adaptability to the water re-
striction, because stressed plants often concentrate
energy to the development of organs related to the
abstraction and transport of water and nutrients, and to
the formation of structures that would intensify evapo-
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; . !

transpiration, such as leaves and tillers in sugarcane
cultivation. Despite the insignificance, these character-
istics correlate inversely to the secondary subset.

From the factorial map, irrigated plants of
IAC91-1099 were grouped as close as possible to the
vegetative characteristics, plant height, number of till-
ers and leaves, dry matter of roots and shoot, while
irrigated plants of RB85-5156 were opposed to the
morphological indicative for drought-tolerant respon-
siveness induced by B. aryabhattai; however, the stem
diameter was a characteristic adapted to draught
stress (Figure 2).
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Figure 2 - Factorial map and fuzzy clusters of water stress environments imposed by irrigation frequencies
applied to the cultivation of the sugarcane plant varieties, IAC91-1099 and RB85-5156, natural and treated with

B. aryabhattai.

The axes X and Y associated to fuzzy clusters
[, I, I, and IV, identify the main morphological altera-
tions that distinguish plants genetically predisposed to
the induction of drought tolerance by B. aryabhattai
and those indifferent to biological treatment, which are
naturally capable of triggering mechanisms that are
adaptive to water stress. The sugarcane variety RB85-
5156, which was irresponsive to the bacteria, could
channel energy flow to the development of structures
that allow the complete efficiency of water use in irri-
gated systems, instead of directing it to the production
of aerial organs that intensified evapotranspiration. In
contrast, IAC91-1099, which was synergistic to the
bacterial association, could tolerate drought, due to the
growth of a root system capable of capturing water and
nutrients at considerable soil depths and availability of
leaves with greater effective photosynthetic area. In
this case, an overdeveloped plant would be the main
consequence of the benefits of B. aryabhattai for plant
height, shoot dry matter, and numbers of tillers and
leaves, as illustrated by the fuzzy cluster I.

The fuzzy clusters |, 1, and Il reflect the inabil-
ity of B. aryabhattai to promote growth in sugarcane
plants under environments with marked water stress.
Bacterial metabolism is invariably affected by physico-
chemical properties of soil, mainly acidity, salinity, and
water availability.

The dissimilarity between the fuzzy clusters |
and Il indicate the ability of B. aryabhattai to attenuate
adversities of water stress in vegetative characteristics
of the sugarcane plant variety RB85-5156, which is
very sensitive to this abiotic factor.

Finally, the plot of stem diameter, precisely in
the intersection zone of the fuzzy clusters | and 1V,
which contains, respectively, treated and irrigated
plants of IAC91-1099 and RB85-5156, reinforces the
importance of this characteristic to discern plant mate-
rials responsive to the induction of drought tolerance by
B. aryabhattai and indifferent to inoculation, therefore,
necessarily triggering mechanisms that are adaptive to
water stress.
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Discussion

Development of sugarcane plants inoculated with
B. aryabhattai

The sugarcane was influenced by the inocula-
tion of the biological asset in the production phase of
the pre-budded seedlings. In relation to the root devel-
opment of the cultivar IAC 91-1099, B. aryabhattai
proved to be an important tool to increase the area of
root exploitation in summer situations or absence of
water.

Other studied cultures have also been influ-
enced by the presence of microorganisms in their root
systems. Mareque et al. (2015) isolated and charac-
terized endophytic bacteria associated with sorghum
bicolor (Sorghum bicolor L. Moench), an alternative
cereal for the production of bioethanol, forage, silage
and grains. Although they did not induce significant
changes in stem morphoanatomy, Bacillus spp.,
Brevibacillus spp., and Paenebacillus spp. considera-
bly influenced root biomass production and plant size.
Therefore, this reference corroborates the significant
effect of B. aryabhattai in relation to root dry mass and
plant height.

In plant growth promoting bacteria,
siderophores production, indole-acetic acid secretion,
and solubilization of inorganic ions are conditioned by
microclimate (Solanki et al., 2017). Hence, the natural
interaction between irrigation frequency and biological
treatment can alter phenotypic characters of the sugar-
cane seedlings, as observed in this research.

The interaction of the factors, genotype, and
biological treatment, in relation to the root dry matter of
sugarcane plants, is understandable, as according to
Mareque et al. (2015), the synergism between the root
system and rhizobacteria is defined, among other pos-
sibilities, by the genetic code and microbial predisposi-
tion. Tam & Diep (2014) confirm the occurrence of
specificities between genetic accesses of sugarcane to
bacterial agents that promote plant growth. From the
perspective of the authors, physicochemical properties
of rhizosphere and availability of colonizable root
niches complete the list of factors that contribute, posi-
tively or negatively, to the response of sugarcane to
inoculation; our study reiterates the fact.

Regardless of the proposed irrigation man-
agement, inoculated plants grew taller, reiterating the
benefits of B. aryabhattai on the height of sugarcane
plant, an agronomic parameter that best represents the
vegetative growth induced under water stress (Anjum
et al., 2016; Wang et al., 2016). Drought suppresses
several characteristics related to plant size; cell division
and expansion are the main ones (Anjum et al., 2017).
According to these authors, small plants are inefficient
in photosynthesis due to the inability to intercept sun-
light, a natural resource indispensable for the produc-
tion of photoassimilates in autotrophic organisms.

The plant exposure to drought causes count-
less physiological changes detrimental to photosynthe-
sis, such as relief of turgor pressure and foliar senes-

cence (Alcazar et al., 2011). The sensitivity of sugar-
cane to this abiotic factor is determined by the genetic
code. In the condition of introduced and natural water
deficit, the varieties, RB72-454 and RB85-5536, pro-
duce less leaves than SP79-1011, RB86-7515, RB85-
5113, and RB92-579, which present higher loads and
provide more tillers per plant (Endres et al., 2018).
Under water stress, B. subtilis and B. megaterium
induce growth in sugarcane cultivation by stimulating
the synthesis of acidic invertases, enzymes that hy-
drolyze sucrose, polysaccharide stored in photosyn-
thetic tissues, and incomplete stem parenchyma. The
main consequences of this biochemical reaction are
redirection and distribution of monosaccharides in root
system tissues, allowing it to grow and then absorb
available minerals in soil depths that would usually not
be accessed under natural development (Chandra et
al., 2018). These previous studies could thus substan-
tiate the identified inequalities in size and density of
tillers and leaves of the varieties IAC91-1099 and
RB85-5156 and provide clues as to how B. aryabhattai
could increase the size of sugarcane seedlings by
inducing the endogenous production of functional pro-
teins associated with the partition of important organic
substrates to root system growth, ensuring better water
and nutrient absorption conditions in hydraulically lim-
ited soil.

He & Gao (2009) and Anjum et al. (2011)
describe the reduced number of leaves in a plant
stressed by drought as an adaptive strategy to main-
tain cellular hydration, which corroborates with the
results observed in this research. Energy investment in
the execution of drought resistance mechanisms,
reduction of water loss through transpiration, and
maintenance of efficient water use compromise growth
due to limited fixation of carbon dioxide (CO,) by
underdeveloped photosynthetic organisms
(Khonghintaisong et al., 2018).

Under irrigation periods below 21 days, B.
aryabhattai provided better conditions for the shoots of
both sugarcane varieties to develop radially, probably
due to the induction of changes in morphology and
availability of xylem vessels, alternatives to relieving
water stress (Khonghintaisong et al., 2018). Although
not explored in the present research, it is indeed im-
portant to underscore that species of Bacillus spp.
possess the ability to secrete plant hormones, which
may partly explain the enhancement of phenotypic
traits found in sugarcane seedlings inoculated with B.
aryabhattai (Daviere & Archard, 2013; Vurukonda et
al., 2016; Arkhipova et al. (2007); Liu et al., 2013). In
plants under water stress, stem diameter is retracted
due to the inability to maintain cell turgor, affected by
the availability of water in soil (Huang et al., 2013;
Anjum et al., 2017). Therefore, these references ex-
plain the occurrence of smaller diameter stem in sug-
arcane plants under dry environments and irrigated
every 21 days, which are probably stressful, and would
precede the probable contribution of B. aryabhattai to
radial expansion of stem cells by the secretion of
phytohormones regulating stem morphology, mainly
cytokinins.
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Santos & Rigobelo (2016) report greater dry
matter yield of plant roots, from pre-sprouted seedling,
of sugarcane inoculated with B. subtilis and B.
licheniformis. This characteristic is fundamental to the
induction of drought tolerance in sugarcane cultivation,
since massive roots facilitate the capture of water and
nutrients by the extended surface of contact and
greater density of root hairs. Interestingly, the biological
treatment intensified the accumulation of dry matter in
the root system of plants under water-limited condi-
tions, proving the ability of B. aryabhattai to alter it
morphoanatomically. Kruasuwan & Thamchaipenet
(2016) emphasize that sugarcane plants inoculated
with the bacteria, Streptomyces spp., Enterobacter
spp. and Bacillus spp., produce more dry matter of
roots and shoots. The authors attributed part of the
success of biological treatments to the effectiveness of
microbial solubilization of inorganic phosphates,
energy resources that provide nutritional balance to the
plant. In an environment with water deficit, the sugar-
cane crop can also grow a massive and deep root
system, probably as an adaptive response to the re-
stricted availability of water in superficial soil layers
(Khonghintaisong et al., 2018). These observations
may help explain the nonlinear trends regressed to the
interactive effect of frequency of irrigation and biologi-
cal treatment, in relation to root dry matter production
in both varieties of sugarcane studied.

The frequency of irrigation, genotype, and bi-
ological treatment influenced plant height, number of
leaves, stem diameter, and root dry mass, interactively;
these vegetative characteristics influence the shoot dry
matter yield. In plants stressed by drought, the inex-
pressive production of shoot dry matter is due to the
inefficient absorption and xylem translocation of water
and nutrients (Jangpromma et al., 2012). Similarly,
Selvakumar et al. (2012) associate biomass unproduc-
tivity with the nutritional imbalance caused by water
stress. Water deficit in sugarcane cultivation causes
unproductivity of shoot dry matter, due to the underde-
velopment of support structures and leaves, which are
essential organs for the photosynthetic efficiency
(Vurukonda et al., 2016; Khonghintaisong et al., 2018).
Therefore, B. aryabhattai inoculated sugarcane seed-
lings may improve shoot dry matter in varieties IAC91-
1099 and RB85-5156 and, consequently, ensuring
better yields than biologically untreated seedling when
grown in soils with low hydric resource.

Morphological indicators of induced drought tolerance
and morphological adaptability to water stress

According to the literature, most of the adapta-
tion mechanisms by plants to water deficit occur in
photosynthetic organisms, while alteration of root sys-
tem architecture, increased size, and overproduction of
effective leaves represent the main morphological
indications of water stress tolerance in cultures treated
with growth promoting bacteria, including those be-
longing to the genus Bacillus spp. In this research,
according to the contribution analysis, the responsive-

ness of sugarcane genotypes, mainly 1AC91-1099, to
the induction of drought tolerance by B. aryabhattai
application is best evidenced by the higher shoot dry
maitter yield, followed by increases in plant height, root
dry matter accumulation and number of tillers, number
of leaves, and stem diameter. In relation to the adapta-
bility to water stress, this would be better characterized
by the radial expansion of stem, limited production of
smaller leaves and slight increase in dry matter pro-
duction (Table 3).

The water deficit causes a complete failure of
functions crucial to the synthesis of phytohormones
and siderophores, biological fixation of atmospheric
N2, and solubilization of nutrients (Vurukonda et al.,
2016). Therefore, this could explain, in addition to the
similarity between vegetative characteristics of un-
treated and treated plants cultivated in unirrigated envi-
ronments, the relative water dependence of B.
aryabhattai, as evidenced by the graphical representa-
tions of IAC91-1099 plants grown under irrigation fre-
guencies of 7 and 14 days (Figure 2).The dissimilarity
between fuzzy clusters | and Il (Figure 2) corroborate
the ability of B. aryabhattai to attenuate water stress
adversities in vegetative characteristics of the sugar-
cane plant variety RB85-5156, which is very sensitive
to this abiotic factor.

In short, the visualization of this factorial map
facilitates our interpretation of the interactions found for
genotype, biological treatment, and water stress levels,
revealing the main cause-effect factors involved in the
studied system.

Conclusion

The  osmotolerant  microorganism,  B.
aryabhattai, is technically an effective biological asset
for priming sugarcane plants to better withstand water
stress and, therefore, qualifies as a low-cost alternative
to establish sugarcane plantations in marginal lands, in
which pluviometric regimes are limiting factors to the
planning and expansion of the sugar-energy sector in
Brazil.
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