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Abstract: Sugarcane plays a crucial role in global sugar and ethanol production. Conventionally, sugarcane
propagation involves planting billets. However, Brazilian researchers have introduced the innovative pre-
sprouted seedlings (PSS) method, widely used in the MEIOSI (Simultaneously Occurring Interrotational
Method) system. Although MPB has several advantages over the conventional method, its sensitivity to water
scarcity is a challenge. The study aimed to evaluate the survival and growth of PSS inoculated with Bacillus
licheniformis and Bacillus subtilis under different water regimes. The experiment was conducted in the field in a
randomized block in strips (split-block) using a 2x4 factorial scheme consisting of two inoculation conditions
(with and without bacteria) and four water regimes (0%, 33%, 66%, and 100% of the ideal irrigation). The
bacteria increased the PSS's survival and water use efficiency in the field. In addition, inoculation increased
root and shoot growth, as well as the nutrient uptake such as N, P, Mn, Zn, and Cu, which resulted in a higher
number of stalks per meter and, therefore, a higher multiplication rate in the MEIOSI system. Inoculation
proved to be a promising alternative for establishing PSS under water restriction.

Keywords: Saccharum spp.; biostimulants; water availability; nutrition; growth rate

1. Introduction

Sugarcane is a vital bioenergy crop due to its rapid growth and high energy balance,
representing a relevant alternative in the production of biofuels [1-3]. The high concentration of
sucrose in its stalks mostly meets the demand of the sugar-energy sector [4], which favors replacing
fossil fuels and minimizing the anthropogenic impact on the planet.

Brazil ranks first in global sugarcane production, with production estimated at 677.6 million tons
in the 2023/24 harvest, representing an increase of 10.9% compared to the 2022/23 harvest, which
makes us a country with great potential for exporting biofuels [5]. Favorable soil and climate
conditions and the use of technologies have made it possible to increase the efficiency of inputs,
reduce production costs, and increase the productivity of land and human resources [6,7].

Since the dawn of sugarcane cultivation, sugarcane fields have been established by planting
billets containing buds that provide the sprouting of new plants [4,8]. In this method, a high density
of billets is necessary to ensure adequate sprouting, contributing to the reduction of stalks used for
sugar and ethanol production [9]. Brazilian researchers have developed a method of planting pre-
sprouted seedlings (PSS) to reduce the material used. This method consists of individualizing the
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buds in trays so that the sprouts emerge before planting, which reduces the number of stalks used
per area in this operation by 90% [9-11].

The use of PSS as propagation material has stood out due to the efficiency promoted through
varietal guarantee and high health [10,12-14], especially in association with the MEIOSI
(Simultaneously Occurring Interrotational Method) system, due to the smaller production scale and
operational advantage [15,16].

However, PSS have reduced nutrient and water reserves compared to the conventional method
and, consequently, are more susceptible to abiotic stresses, especially water restriction [17]. Therefore,
water supplementation is recommended after transplanting PSS from plant seedling nurseries to the
field since there is high plant mortality in planting seasons with low rainfall [10,17,18].

Furthermore, as the sugarcane cycle can vary from 12 to 18 months, this crop is susceptible to
climatic adversities throughout the year. Scarce water supply is the main limiting factor to
sugarcane's good growth and development [4,19], with the beginning of development being the most
sensitive period to water restriction [20,21]. Therefore, technologies that mitigate water restrictions
are required to form new sugarcane fields that meet the demand for sugar, biofuels, and by-products
even under limited resource availability [22]. The current climate change scenario, characterized by
increased temperature and reduced precipitation and aggravated by the burning of fossil fuels,
supports these new technologies [1,23-25].

An alternative that has shown positive results is using plant growth-promoting bacteria (PGPB).
Among the known species, the most abundant belong to the genus Bacillus [26-28]. Many of these
bacteria can produce phytohormones, antioxidant enzymes, and siderophores, in addition to
promoting the availability of nutrients through nitrogen fixation and solubilization of phosphate,
potassium, and micronutrients [29-34], inducing tolerance to environmental stresses, such as water
deficiency [34-36].

In this sense, increases in sprouting speed and root and shoot dry matter accumulation of
sugarcane PSS have already been observed under the association of PGPB and nitrogen doses [37].
Furthermore, the increase in nutrient concentration in the shoot, the increase in photosynthetic
efficiency and water use, as well as the stimulation of root system growth after inoculation with
Bacillus subtilis under water deficit conditions have already been reported in sugarcane [36,38].
Tolerance to water deficiency induced by Bacillus licheniformis has also been reported in maize [39]
and potato [40], mainly due to increased water use efficiency, CO. assimilation, and greater
production of antioxidant enzymes.

The association of two Bacillus species is a promising approach to improving plant growth, given
the particularities present in each species and the increased spectrum of action and specificity [41,42].
However, there are still no studies involving the association of Bacillus licheniformis and Bacillus
subtilis in sugarcane propagated by PSS in the field.

Considering the importance of seeking plant tolerance to water stress, the advance in the use of
PSS in the formation of new sugarcane fields, the biological mechanisms of action of these
microorganisms, and the potential of the association of two species of the Bacillus genus, this research
hypothesizes that the inoculation of PSS, during its formation in the plant seedling nursery, with
Bacillus licheniformis and Bacillus subtilis will increase the survival rates and growth of seedlings after
transplanting in the field, as well as improving the nutritional status, resulting in higher
multiplication rates for MEIOSI under different water regimes.

Therefore, this study aimed to evaluate the survival, growth, nutrient content, and yield of
sugarcane plants from a pre-sprouted seedling nursery treated with Bacillus licheniformis strain
FMCHO001 (DSM32154) and Bacillus subtilis strain FMCHO002 (DSM32155) under different water
regimes.
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2. Materials and Methods

2.1. Description of the experimental area

The experiment was conducted in the field during 2021-2022, in Lengdis Paulista County, Sao
Paulo, Brazil (22° 78" 44" S, 48° 79" 90” W, and 687 asl).

The region’s climate is considered tropical in altitude (CWa) according to the Kdppen climate
classification, characterized by temperatures ranging from 4°C (from June to August) to 38°C (from
November to February) [43].

The soil of the experimental area is classified as Allic Red Latosol [44]. Granulometric analyses
of the soil, proposed by Donagemma et al. [45], showed 73.9% of sand, 19.5% of clay, and 6.6% of silt,
characterized by a medium-textured soil, according to the texture class grouping triangle [44], with
the production environment classified as E2 [46,47].

A soil chemical analysis was performed at 0-20 cm and 20-40 cm depths before the experiment
was set up (Table 1), according to the methodology proposed by van Raij et al. [48]. The experiment
area was prepared with plowing, subsoiling, and leveling harrowing. 1,000 kg ha' of dolomitic
limestone was applied two months before the experiment installation, according to Vitti et al. [49].

The fertilization was performed with 30 kg ha-' of N, 60 kg ha of P20s, and 40 kg ha-! K20,
corresponding to 150 kg ha™' of the 08-40-08 fertilizer formulated [49]. The cover fertilization was
performed 60 days after transplanting (DAT) with 60 kg ha™ of N, corresponding to 130 kg ha of
urea, according to Cantarella et al. [50].

Table 1. Initial soil chemical analysis from the soil of the experimental area.

doi:10.20944/preprints202401.0166.v1

Dept pH!' OM2 AI* H+Al K Ca M SB? CTC V5 Pwsn S Cu Fe Mn Zn B
cm  CaC gdm- mmolcdm-3 % mg dm-3

00-20 48 128 0 205 23 10 4 163 37 43 22 9 04 64 61 04 028

20-40 46 99 0 179 21 7 3 121 30 40 12 7 03 63 51 03 0.31

Thydrogenionic potential; 2organic matter; 3sum of bases; cation exchange capacity; *base saturation.

2.2. Plant Material, Experimental Design, and Treatments

The IACSP01-5503 cultivar was used because it is considered rustic, adapted to the production
environment, and has industrial gains of around 15% compared to the variety most cultivated in the
Mid-South of Brazil (RB867515) [51]. The propagation method was the pre-sprouted seedlings (PSS)
method, produced by planting buds extracted from the stalks in trays containing 54 cells. The
seedlings were 45 days old and were transplanted to the experimental area after seven days of
hardening.

The transplanting took place on August 4, 2021, through a manual planter, with a spacing of 0.6
m between plants. The seedlings had four fully developed leaves with cut ends, maintaining a
standard of 30 cm length per leaf. This practice aims to reduce water vapor loss by transpiration [9].
Each plot was composed of two lines of 12.5 m and a spacing of 0.60 m from each other, based on the
principles of the Simultaneously Occurring Interrotational Method (MEIOSI) [15].

The experimental design used was a randomized block in strips (split-block) using a 2x4 factorial
scheme consisting of two inoculation conditions (with and without PGPB) and four water regimes
(0%, 33%, 66%, and 100% of the ideal irrigation depth for establishment and initial development)
until 57 DAT, with four replicates. After this period, all plants received only water from precipitation.

The PGPB used was a commercial product composed of Bacillus licheniformis strain FMCHO001
(DSM32154) (minimum of 1.0 x 10" colony forming units — CFU g) and Bacillus subtilis strain
FMCHO002 (DSM32155) (minimum of 1.0 x 10" CFU g-'). The inoculation occurred in the plant
seedling nursery through a watering can containing the bacteria solution at 0.324 g of the commercial
product in 1.35 L of spray volume per tray.

The spray volume was defined based on the saturation point of the trays' alveoli, which
corresponded to 25 mL. At the same time, the product dose was stipulated based on the dose
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recommended in the leaflet (200 g ha') and the planting spacing, which allowed us to delimit the
area of each plant in the field.
The irrigation rate was defined according to the estimated evapotranspiration of the sugarcane

crop in the early-stage, based on Equation 1.

>t ETci

GIR = ==2—— (1)

Efficiency
where GIR: gross irrigation rate; n: watering shift; ETci: Etoi*Kc; Etoi: evapotranspiration obtained
from database; Kc: early-stage crop conversion factor.

2.3. Meteriological conditions and crop management

During the experimental period, evapotranspiration data (EToi) were collected from the Sao
Manuel Experimental Farm Meteorological Station — UNESP. After determining the required gross
rate, the proportions of each treatment were calculated (0, 33, 66, and 100%). The water supply
occurred until September 30, 2021 (57 DAT), coinciding with the beginning of frequent rainfall
(Figure 1).

The average air temperature during the experiment was 22.3°C, and the total rainfall volume
reached 1,059 mm (Figure 1).
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Figure 1. Rainfall (mm), average, maximum, and minimum temperatures (°C), and solar irradiance
(MJ m?2 day™"') from August 2021 to April 2022.

Weed management occurred periodically manually. Considering pest and disease management,
there was no incidence of any pathogen at the control level that would require the application of
pesticides.

2.4. Evaluations

2.4.1. Plant Survival

Plant survival (PS) was assessed 30 DAT. The ratio between the number of living plants per plot
and the number of seedlings transplanted in each plot (32 plants) enabled us to calculate the
percentage of surviving plants. Any plant with at least one erect green leaf was considered a survivor
and counted, according to Equation 2:

SP (%) = = x 100 (2)
where S is the number of plants that survived, and NI is the initial number of plants.

2.4.2. Water use efficiency

Water use efficiency (WUE) was determined at the end of the water regime imposition at 63
DAT, according to Equation 3:
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WUE (gm™3) = 22 (3)
Where DB is the total dry biomass at 63 DAT (g), and L is the amount of water applied via irrigation
plus precipitation until 63 DAT (m?3).

2.4.3. Morphological variables

The evaluations of the number of tillers (NT), stalk height (SH), stalk diameter (SD), and shoot
dry biomass (SDB) were performed in five plants per plot at 63 DAT (seven days after the end of the
water regimes).

The NT was determined by counting the tillers in each plot. SH was determined using a tape
measure, and the measurement was taken from the ground to the +1 leaf sheath insertion. The SD
was determined using a digital caliper (MeterMall, 150 mm, and 0.1 mm reading, Marysville, OH,
USA), and the measurements were performed in the lower third of the stalk. Additionally, for SDB,
the sampled plants were dried in an air-forced circulation oven at 65°C until a constant mass was
reached and then weighed on a balance (Balmak, ELC-6/15/30, Santa Barbara d’Oeste, SP, Brazil).

2.4.4. Growth Analysis

Evaluations for growth analysis took place from 27 to 231 DAT, with collections every 21 days
until the unfolding time.

For this purpose, leaf area (LA) and dry matter mass (DMM) were assessed (Radford, 1963-52).
Leaf area was estimated according to equation 4 (Hermann and Camara, 1999-53), using +3 leaf width
and length measurements.

LA=L X W x075x(N+2) 4)
Where L is the +3 leaf length, characterized as the third leaf with the ligule fully open, W is its width,
0.75 is the crop correction factor, and N is the number of green leaves.

To determine the leaf dry matter mass (LDMM) and the shoot dry matter mass (SDMM), the
plants were separated into leaves + sheaths, and stalks. The samples were kept in a forced air
circulation oven at 65°C until they reached a constant mass and then weighed on a 0.01 g precision
scale (Balmak, ELC-6/15/30, Santa Barbara d'Oeste, SP, Brazil), with the results expressed in grams
per plant.

The LDMM, SDMM, and LA data were used to determine the crop growth rate (CGR, g day-,
equation 5), relative growth rate (RGR, g g-! day-, equation 6), net assimilation rate (NAR, g dm-2
day-!, equation 7), leaf area ratio (LAR, dm? g, equation 8), specific leaf area (SLA, dm? g, equation
9), and specific leaf weight (SLW, dm? g, equation 10), considering the number of days (ND). The
dry matter mass and leaf area data were adjusted using the Anacres program (Portes and Castro
Junior, 1991-54).

(DMM2-DMM1)

CGR = = (5)
RGR = (In DMMZN—Dln DMM1) (6)
NAR = (DMMZN—DDMMl) " (ln LAZN—I;n LAl) (7)
LAR = 55 ©)
SLA = oo ©)
SLW = — (10)

SLA

doi:10.20944/preprints202401.0166.v1
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2.4.5. Nutritional assessments

At 63 DAT, +1 leaf (top visible dewlap — TVD) was collected, their midribs were discarded, and
the middle third was used for evaluation [55]. The collection period corresponds to the period
without precipitation, allowing the differentiation of the water regimes since, after this, the rainfall
regime homogenized the irrigation of the sugarcane field.

The sampled material was washed out and kept in an air-forced circulation oven at 65°C until a
constant weight was reached, followed by crushing in a Willey mill. The concentrations of nitrogen
(N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), boron (B), copper (Cu),
iron (Fe), manganese (Mn), and zinc (Zn) were determined according to AOAC [56].

Leaf N was extracted by sulfuric digestion and determined by the Kjeldahl method. At the same
time, the extraction of K, Ca, Mg, S, P, Fe, Zn, Mn, B, and Cu occurred by nitroperchloric digestion
[56]. Potassium, Ca, Mg, Fe, Zn, Mn, and Cu were determined by atomic absorption
spectrophotometry (AAS), and S, P, and B were determined by the colorimetric method.

Nutrient accumulation was calculated using Equation (11):

NA =LB X NC (11)
where where NA is the nutrient accumulation (g or mg plant™); LB is the leaf biomass (g) and CN is
the nutrient concentration (g or mg kg).

2.4.6. Morphological variables of the root system

At 243 DAT, the roots were collected using a sampling probe made of stainless steel, measuring
120x5.08 cm (length x internal diameter), comprising approximately 405 cm? of collection volume at
each 20 cm depth. The probes were made in duplicate parallel to the planting lines, in the projection
of the crop line and on its sides at 20 cm from the plants, at depths of 0-20, 20-40, 40-60, and 60-80 cm.

The samples were sieved through a 2 mm mesh, the soil was removed, and the roots were
isolated by washing them in running water. To separate the impurities, the material resulting from
the washing was placed in water, and the roots were collected with tweezers. The roots were stored
in 50% ethanol solution vials to avoid dehydration. To analyze the morphology of the root system,
the roots were placed in a 1525 cm (width x length) acrylic tub containing water. The samples were
then scanned using an optical scanner (EPSON, Perfection V700 Photo, Sao Paulo, Brazil) with a
resolution of 250 dpi, and the images obtained were analyzed using the WinRhizo Pro program
(Regent Instrument Inc, 2007, Quebec, Canada) to determine root length (RL) (cm), surface area (SA)
(cm?), area projection (AP) (cm?), root volume (RV) (cm?), average root diameter (RD) (mm), and
number of bifurcations (NBif) at four depths (0-20, 20-40, 40-60, and 60-80 cm) [57].

2.4.7. Yield, Productivity, and Multiplication Rate

Harvesting occurred on April 6, 2022, at 245 DAT, when the plants had a multiplication rate of
1:8, with an average of 11 buds per stalk and 10 stalks per meter [58].

To estimate yield, we determined the stalk length (SL), stalk diameter (SD), number of nodes
(NN), internode length (IL), mass of 10 stalks (M10), and number of stalks per meter (NSM). The
NSM was counted in the central 10 meters of each plot, and the M10 was determined on a load cell
scale (Tomate, STC-02, Sao Paulo, Brazil).

Stalk productivity, expressed in tons of stalks per hectare (TSH), was estimated using the
methodology proposed by Landell and Silva [59], using Equation (12):

TSH = (0,007854 X d2 x h X S) * E™1 (12)
where d is the diameter (cm), h is the height (cm), S is the number of stalks per meter, and E is the
spacing (m).

In addition, the unfolding rate for manual MEIOSI planting was also determined according to
the number of buds per stalk or the stalk height and tillers per meter, as recommended in the
Technical Manual for planting sugarcane in MEIOSI [58].

doi:10.20944/preprints202401.0166.v1
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2.5. Statistical Analysis

The data were subjected to analysis of variance (ANOVA) with the F test. When there was a
statistical difference, the data relating to the qualitative factor (presence and absence of inoculation
with PGPB) were submitted to the T-Test (p<0.05* and p<0.01**) and those referring to the quantitative
factor (water regimes) were subjected to regression analysis (p<0.05* and p<0.01**) using the
AgroEstat software (AgroEstat, version 2015, Jaboticabal, SP, Brazil).

Pearson's linear correlation coefficient (p<0.05* and p<0.01**) between variables influenced by
inoculation was analyzed using the R software (Version 4.3.1, Vienna, Austria). Using Pearson's
correlation values, each R-value was interpreted within the following ranges (Table 2):

Table 2. Interpretation of the correlation coefficient.

R-value (+ or -) Interpretation
0-0.25 Weak correlation
0.26-0.50 Moderate correlation
0.51-0.75 Strong correlation
0.76-0.89 Very strong correlation

3. Results

3.1. Plant Survival

The different water regimes and PGPB inoculation affected plant survival (PS) at 30 DAT. Water
supply influenced the percentage of PSS survival in the field, with a positive linear regression (p<0.01,
R2=0.71), and inoculation with PGPB increased PSS survival by 3.13% (p<0.05) (Figure 2). There was
no interaction between the factors for this variable, indicating a highly significant linear adjustment
with the water regimes in both inoculation conditions.

100 - y =0.1614x + 76.303
" Rz=0.71*
a -
b e
- YT
807 - seesett
S
E
£ 60
£
=
@
=
E 40 ~
~
20
4] T T T T
without with 0 33 66 100
Inoculation Water Regimes (%)

Figure 2. Sugarcane pre-sprouted seedlings survival in the field under different water regimes and
with or without inoculation of B. licheniformis and B. subtilis at 30 DAT. Different letters indicate
differences for inoculation by Student's t-test (p<0.05). **indicates the significance of the water regimes
regression at 1% (p<0.01).

3.2. Shoot biometry

Water regimes and inoculation influenced stalk height (SH), with no interaction between these
factors. Inoculation led to a 22.2% increase in SH compared to the control (Figure 3a). There was a
significant linear regression for the different water regimes. Although the variation between the
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regimes with the highest water availability (33%, 66%, and 100%) was slight, they provided an
average increase of 41.3% in SH compared to severe water deficiency (0%).

There was a linear adjustment between water regimes for stalk diameter (SD) (R2 = 0.46**); as
water availability increased, SD increased (Figure 3b). Similarly, the number of tillers (NT) and the
shoot dry biomass (SDB) also increased linearly with the increase in irrigation rates (R? = 0.23** and
R2=0.30**, respectively) (Figures 3c,d).

10
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Figure 3. Stalk height (a), stalk diameter (b), number of tillers (c), and shoot dry biomass (d) of
sugarcane pre-sprouted seedlings in the field under different water regimes and with or without
inoculation of B. licheniformis and B. subtilis at 63 DAT. Different letters indicate differences for
inoculation by Student's t-test (p<0.05). * e **indicates the significance of the water regimes regression
at 5% (p<0.01) and 1% (p<0.01), respectively.

3.3. Water use efficiency

There was an interaction between inoculation and water regimes for water use efficiency (WUE)
(Figure 4). Inoculation increased WUE by 185% in the absence of initial water supply in the 0% water
regime. With increased water availability, although PGPB provided higher nominal averages, no
statistical difference existed (Figure 4a). Increased water availability reduced the WUE of inoculated
plants but did not influence the WUE of non-inoculated plants (Figure 4b).
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Figure 4. Water use efficiency (WUE) of sugarcane pre-sprouted seedlings in the field with or without
inoculation of B. licheniformis and B. subtilis under different water regimes at 63 DAT. Different letters
indicate differences for inoculation within water regimes by Student's t-test (p<0.05).

3.4. Growth Analysis

According to the crop growth rate (CGR), the crop reached its maximum growth at
approximately 180 DAT (Figure 5). In the absence of irrigation (0%) and 33% of the initial irrigation,
inoculation with Bacillus provided greater CGR throughout the experimental period (Figures 5a,b),
with the most obvious difference at 192 DAT. At 192 DAT, in the 0% regime, the inoculated plants
reached 10.21 g day-!, and the non-inoculated plants 8.60 g day-’; and in the 33% regime, there was
an increase of 2.42 g day-! in the inoculated plants. In the 66% water regime, inoculation resulted in
a higher GCR from 145 DAT onwards (Figure 5c), while under an adequate water regime (100%),
inoculation increased the GCR until 211 DAT, followed by a sharp decrease in this variable at 231
DAT, both in the presence and absence of PGPB. All the treatments decreased growth speed at 211
DAT, with a sharper decrease for non-inoculated plants in the 33% and 66% regimes.
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Figure 5. Crop growth rate (CGR) of sugarcane pre-sprouted seedlings with or without inoculation
of B. licheniformis and B. subtilis under the 0% (a), 33% (b), 66% (c), and 100% (d) water regimes.
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The relative growth rate (RGR) shows the plant's growth based on the amount of already existing
dry matter. This variable had a downward trend over the period studied for all treatments. As water
availability increased, there was a reduction in the difference between inoculated and non-inoculated
plants, represented by the approximation of the curves (Figure 6). In the 0% water regime, the non-
inoculated plants had a higher RGR until 175 DAT, at which point the curves were inverted, and the
inoculated plants provided a higher TCR from 192 DAT to 231 DAT (Figure 6a). Similar behavior
occurred in the 33% regime (Figure 6b). In the 66% regime, there was no difference between the
presence or absence of PGPB until 175 DAT, at which point the inoculated plants stood out (Figure
6¢). Under an adequate regime (100%), the RGR was very similar between inoculated and non-
inoculated plants (Figure 6d).
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Figure 6. Relative growth rate (RGR) of sugarcane pre-sprouted seedlings with or without inoculation
of B. licheniformis and B. subtilis under the 0% (a), 33% (b), 66% (c), and 100% (d) water regimes.

Regarding the net assimilation rate (NAR), there was different behavior between the water
regimes. Under the 0% water regime, the inoculated plants had higher net assimilation throughout
the cycle. There was a marked decrease in non-inoculated plants, while the PGPB attenuated this
decrease (Figure 7a). The same behavior was observed in the inoculated plants under the 33% water
regime, in which, at 83 DAT, the non-inoculated plants had higher NAR until 192 DAT, after which
NAR became more elevated in the inoculated plants (Figure 7b). Under a 66% water regime, the PGPB
provided greater NAR than the control. However, after the beginning of frequent rainfall and the
cessation of irrigation, the non-inoculated plants reached higher NAR values until 175 DAT, when
there was a sharp decrease in this variable under this condition. At the same time, in the inoculated
plants, this decrease was attenuated (Figure 7c). Under suitable initial water conditions (100%), plants
with and without inoculation behaved similarly, with a sharp reduction towards the end of the cycle
(Figure 7d).
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Figure 7. Net assimilation rate (NAR) of sugarcane pre-sprouted seedlings with or without
inoculation of B. licheniformis and B. subtilis under the 0% (a), 33% (b), 66% (c), and 100% (d) water

regimes.

The leaf area ratio (LAR) showed a similar pattern in all the water regimes (Figure 8). Under
controlled irrigation, non-inoculated plants had higher LAR up to 126, 63, and 83 DAT under the
water regimes of 0% (Figure 8a), 33% (Figure 8b), and 66% (Figure 8c), respectively. However, under
adequate water availability, there was no inoculation effect throughout the experiment (Figure 8d).
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Figure 8. Leaf area ratio (LAR) of sugarcane pre-sprouted seedlings with or without inoculation of B.
licheniformis and B. subtilis under the 0% (a), 33% (b), 66% (c), and 100% (d) water regimes.
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For the specific leaf area (SLA), in the 0% water regime, the non-inoculated plants provided
higher values until 105 DAT, when the curves of both treatments cross and remain stable until 211
DAT, when the non-inoculated plants stand out compared to the inoculated ones again (Figure 9a).
Under a 33% water regime, inoculation did not affect SLA, with a slight reduction in values between
45 and 231 DAT for both treatments (Figure 9b). Under a 66% water regime, the curves were similar
to the 0% regime. Still, both had higher values throughout the cycle, with 58.1% and 55.6% reductions
between 45 and 231 DAT for the non-inoculated and inoculated plants, respectively (Figure 9c). As
for the adequate water regime, although the inoculated plants had higher values up to 175 DAT, the
curves were similar between inoculated and non-inoculated plants throughout the cycle (Figure 9d).
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Figure 9. Specific leaf area (SLA) of sugarcane pre-sprouted seedlings with or without inoculation of
B. licheniformis and B. subtilis under the 0% (a), 33% (b), 66% (c), and 100% (d) water regimes.

The SLA and LAR indices behaved similarly; as for both, the non-inoculated plants provided
higher values at the beginning of the cycle under the 0%, 33%, and 66% water regimes. However,
under severe water restriction (0%), the curves crossed later, at 175 DAT (Figure 9).

Specific leaf weight (SLW) behaved inversely to LAR and SLA (Figure 10). Possibly, the PGPB
increased leaf thickness at the beginning of the cycle under the 0%, 33%, and 66% water regimes,
whereas under the adequate water regime, this increase occurred at the end of the cycle.
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Figure 10. Specific leaf weight (SLW) of sugarcane pre-sprouted seedlings with or without inoculation
of B. licheniformis and B. subtilis under the 0% (a), 33% (b), 66% (c), and 100% (d) water regimes.

3.5. Nutritional variables

There was an interaction between inoculation and water regimes for N and P. PGPB provided
increases of 63.2%, 61.7%, and 18.3% under water regimes of 0%, 33%, and 66%, respectively,
compared to the control without inoculation (Figure 11a). Inoculation with B. licheniformis and B.
subtilis increased the P content in all water regimes compared to non-inoculated plants, with increases
of 15.2%, 17.6%, and 10.3% in the 0%, 33%, and 66% water regimes (p<0.01), respectively, and 3.8% in
the adequate water regime (p<0.05) (Figure 11b).

The treatments did not influence the K, Ca, Mg, and S contents (Table 3).
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Figure 11. Nitrogen (N) (a) and phosphorus (P) contents (b) in leaves of sugarcane pre-sprouted
seedlings with or without inoculation of B. licheniformis and B. subtilis under different water regimes
at 63 DAT. Different letters indicate differences for inoculation within water regimes by Student's t-
test (p<0.01 or p<0.01).
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Table 3. Potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S) contents in leaves of sugarcane
pre-sprouted seedlings under different water regimes and with or without inoculation of B.
licheniformis and B. subtilis at 63 DAT.

K M
Treatments Ca & 5
gkg!
. With 22.74 3.58 2.48 1.43
Inoculation .
Without 22.27 3.55 2.48 1.34
0% 22.47 3.51 2.42 1.33
. 33% 21.53 3.60 2.51 1.41
Water Regimes
66% 23.43 3.53 2.44 1.38
100% 22.57 3.63 2.53 141

There was an interaction between the factors inoculation and water regimes for Zn and Mn
contents (Figure 12). The PGPB provided higher Mn content than the control under water regimes of
66% and 100% (Figure 12a). In inoculated plants, the water regimes did not influence the Zn content;
however, in non-inoculated plants, there was an influence on the irrigation levels (Figure 12b). The
PGPB provided higher Zn levels in the 0% water regime.
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Figure 12. Manganese (Mn) (a) and zinc (Zn) contents (b) in leaves of sugarcane pre-sprouted
seedlings with or without inoculation of B. licheniformis and B. subtilis under different water regimes
at 63 DAT. Error bars represent the minimum significant difference. **indicates the significance of
the regression of water regimes at 1% (p<0.01). Nnot significant.

There was a linear adjustment between water regimes for Fe and Cu levels, with increased water
availability increasing the contents of these nutrients (Table 4).

The water regimes influenced the leaf accumulation of all the macronutrients, with a significant
linear adjustment (p<0.01). The highest determination coefficients were observed for N and P (R =
0.56** and R = 0.59**, respectively) (Table 5). Water regimes also influenced micronutrient contents,
with a significant linear adjustment (p<0.01). Inoculation with B. licheniformis and B. subtilis influenced
Cu accumulation, with an increase of 27.17% compared to non-inoculated plants (Table 6).

Table 4. Boron (B), iron (Fe), and copper (Cu) contents in leaves of sugarcane pre-sprouted seedlings
under different water regimes and with or without inoculation of B. licheniformis and B. subtilis at 63

DAT.
B Fe Cu
Treatments
mg kg
e ation Without 2592 3558 7.3
ocuiatio With 26.02 36.17 7.05
0% 25.40 3523 7.88

Wat i
ater regimes 33% 25.54 35.56 7.64
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66% 26.36 36.45 6.11
100% 26.58 36.25 7.17
R2-RL NS 0.47** 0.11*

**indicates significance at 1% (p<0.01). Nnot significant. RL: linear regression. R?: determination coefficient.

Table 5. Nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S)
accumulation in leaves of sugarcane pre-sprouted seedlings under different water regimes and with
or without inoculation of B. licheniformis and B. subtilis at 63 DAT.

N P K Ca Mg S.
Treatments
mg plant!
) Without 138.01 16.68 103.68 16.46 11.34 6.25
Inoculation .

With 179.94 21.72 127.16 20.46 14.38 7.71

0% 59.68 7.73 70.71 11.24 7.79 3.99

. 33% 142.52 15.08 109.95 18.64 12.93 7.18

Water regimes

66% 145.80 22.60 122.00 18.39 12.65 7.18

100% 287.91 31.39 159.01 25.58 18.08 9.58
R2-RL 0.56** 0.57** 0.32** 0.29**  0.28**  0.35**

**indicates significance at 1% (p<0.01). Nnot significant. RL: linear regression. R?: determination coefficient.

Table 6. Boron (B), manganese (Mn), zinc (Zn), iron (Fe), and copper (Cu) accumulation in leaves of
sugarcane pre-sprouted seedlings under different water regimes and with or without inoculation of
B. licheniformis and B. subtilis at 63 DAT.

B Mn Zn Fe Cu
Treatments
mg plant!

Inoculation Without 0.12 0.47 0.58 1.64 1.738
With 0.15 0.69 0.77 1.98 2.204

0% 0.09 0.31 0.39 1.00 0.02

Water regimes 33% 0.13 0.50 0.66 1.64 0.04
66% 0.14 0.64 0.70 1.71 0.03

100% 0.19 0.87 0.96 291 0.02
R2-RL 0.29** 0.41%* 0.30** 0.42%* 0.27**

**indicates significance at 1% (p<0.01). NSnot significant. RL: linear regression. R% determination coefficient.

3.6. Morphological variables of the root system

The interaction between the inoculation and water regimes did not influence the root system
variables, regardless of depth. Although root volume (RV), area projection (AP), and surface area
(SA) were influenced by inoculation with PGPB at a depth of 0-20 cm (p<0.05), there was no
interference from inoculation at the other depths. At a depth of 0-20 cm, inoculated plants had an
increase of 15.79% and 13.67% in RV and SA, respectively, compared to non-inoculated plants (Table
7).

Water regimes influenced root length (RL), SA, AP, and number of bifurcations (Nbif) at 60-80
cm depth. There was a linear regression inversely proportional to the water regimes, in which
increased water availability reduced RL, SA, AP, and Nbif (Table 7).

Table 7. Root length (RL), surface area (SA), area projection (AP), root volume (RV), average root
diameter (RD), and number of bifurcations (NBif) of sugarcane pre-sprouted seedlings under
different water regimes and with or without inoculation of B. licheniformis and B. subtilis at four depths
(0-20, 2040, 40-60, and 60-80 cm) at 243 DAT.

Traits Treatments 0-20 20-40 40-60 60-80
RL (cm2 cm=)  Inoculation ~ Without 3.49 1.16 0.38 0.30
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With  3.84 1.66 0.52 0.45

0% 3.87 1.86 0.59 0.67

Water regimes 2% 3.81 1.25 0.40 0.33

66% 3.70 131 0.44 0.28

100% 3.6 122 0.38 0.22

RZ - RL NS NS NS 0'33**

oculation  Without  0.40° 0.21 0.07 0.04

With  0.454 0.22 0.09 0.07

0% 0.47 0.32 0.10 0.10

SA(EME M) | regimes 2 0.39 0.18 0.09 0.05
66% 0.43 0.16 0.06 0.04

100% 041 0.21 0.07 0.03

RL _ RZ NS NS NS 0'26**

oculation  Without  0.13¢ 0.06 0.02 0.02

With  0.14 0.07 0.03 0.02

0% 0.15 0.10 0.03 0.03

AP (emiam) s 3% 0.13 0.06 0.03 0.02
66% 0.14 0.05 0.02 0.01

100% 013 0.07 0.02 0.01

RL — RZ NS NS NS 0.25**
oculation | Without 37x10% 44104 L1x10+  7.2x104
With ~ 43x1044  25x104 00015  9.0x10%
0%  45%<10¢  73x104  1.7x10¢  1.2x10+
RV (em? em) Water regimes 36 3440% 204104 19404 14102
66%  41x104  16x104  60x105  6.0x10°
100%  42x104  2.8x104  1.0x104  4.0x10°

RL_RZ NS NS NS NS
oulation | Without 180+ 1304 12x104  10x104
With  1.9x104  1.1x104  13x104  1.1x10+
0%  19x10¢  14x104  13x10¢  1.2x10+
SD(Em) | regimes B 17X10% 1104 15x10¢ 10410+
66%  18x104 10104  9.0x105  1.0x104
100%  19x104  13x10¢  13x104  1.1x104

RL_RZ NS NS NS NS

oculation | Without 2456 8.16 2.65 1.88

With  27.68 11.88 4.04 3.45

0% 26.39 12.86 437 465

NBif (un cm=3) Water regimes 33% 31.00 8.74 3.09 2.66
66% 2594 10.00 327 1.97

100%  21.14 8.48 2.64 1.39

RL _ R2 NS NS NS 027*

Different letters indicate differences for inoculation by Student's t-test (p<0.05). * and ** indicate significance at

5% (p<0.05) and 1% (p<0.01), respectively. NSnot significant. RL: linear regression. R determination coefficient.

3.7. Yield and multiplication rate

There was an interaction between the factors inoculation and water regimes on the number of
stalks per meter (NSM). PGPB influenced NSM in the 33% and 100% water regimes, with increases
of 9.78% and 18.10%, respectively, compared to the control and, consequently, there was an
inoculation effect on TSH and multiplication rate (MR) (Figure 13). This way, the PGPB increased
TSH in the 33% and 100% water regimes due to the higher NSM. However, the increase in MR was
only verified in the 33% water regime (Figure 13c).
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There was a linear adjustment of the water regimes for internode length (IL) and number of
nodes (NN), with the increase in water availability reducing NN but providing greater IL (Table 8).

Table 8. Stalk length (RL), stalk diameter (SD), number of nodes (NN), internode length (IL), and
mass of 10 stalks (M10) of sugarcane pre-sprouted seedlings under different water regimes and with
or without inoculation of B. licheniformis and B. subtilis at 245 DAT.

SL SD NN IL M10
Treatments

m mm un stalk-! cm kg
Inoculation Without 1.21 27.80 11.46 10.65 7.58
With 1.17 27.82 10.75 10.97 7.31
0% 1.11 26.67 11.09 9.99 7.77
Water regimes 33% 1.20 28.70 12.01 9.95 7.59
66% 1.18 27.41 11.27 10.61 6.81

100% 1.27 28.47 10.05 12.70 7.61

R2-RL NS NS 0.12* 0.44** NS

* and ** indicate significance at 5% (p<0.05) and 1% (p<0.01), respectively. NSnot significant. RL: linear

regression. R% determination coefficient.
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Figure 13. Number of stalks per meter (NSM) (a), tons of stalks per hectare (TSH) (b), and
multiplication rate (MR) (c) of sugarcane pre-sprouted seedlings under different water regimes and
with or without inoculation of B. licheniformis and B. subtilis. Error bars represent the minimum
significant difference. *and ** indicate significance at 5% (p<0.05) and 1% (p<0.01), respectively. N>not
significant.

3.8. Pearson’s correlation

There was a highly positive correlation between PS, LA, SDB, CGR, N, P, Mn, and Zn. Survival
was inversely correlated with LAR (R?=-0.65**) (Figure 14).

WUE correlated strongly with RGR, NAR, SDB, P content, NSM, and MR. There were
correlations between LA, SDB, CGR, N, P, Mn, and Zn content (Figure 14). Inversely proportional
correlations between LA and LAR and NSM and MR were observed. Similarly, SDB correlated with
N, P, Mn, Zn, CGR, SLW, and NAR.

The variables SP, LA, and SDB correlated strongly with each other. Regarding growth analysis,
CGR correlated with NAR, SLW, and all the nutrients. RGR correlated negatively with WUE, SLW,
and Zn content (Figure 14). So did LAR, which showed an inversely proportional correlation with
CGR, SLW, N, P, Mn, and Zn content and correlated positively only with NSM (R?=0.36*). There was
also a correlation between N, P, Mn, and Zn content.
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Root variables correlated positively with each other (SA and RV), and RV correlated negatively
with NN (R2=-0.36%) (Figure 14). NSM, NN, and MR correlated so that NSM and NN directly affected

MR.
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SLW 034 033 035 049 0.48** -0.69** 0.49** -0.79** 1
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Figure 14. Pearson's linear correlation coefficient (p<0.05* and p<0.01**) between variables influenced
by inoculation with B. licheniformis and B. subtilis. WR: water regimes; I: inoculation; PS: plant
survival; WUE: water use efficiency; LA: leaf area; SDB: shoot dry biomass; CGR: crop growth rate;
RGR: relative growth rate; NAR: net assimilatory rate; LAR: leaf area rate; SLW: specific leaf weight;
SA: root surface area; RV: root; N: nitrogen content; P: phosphorus content; Mn: manganese content;
Zn: zinc content; NSM: number of stalks for meter; NN: number of nodes; TSH: ton of stalks per
hectare; MR: multiplication rate.

4. Discussion

The establishment method using PSS is under development in Brazil [18], and its expansion is
associated with the significant growth of the MEIOSI production system [60]. The MEIOSI system
consists of planting central rows of sugarcane in consortium with other crops of economic interest.
After harvesting the crops grown between the rows, the sugarcane in the main rows is used as
propagation material for the rest of the area [15,16,58]. The search for propagation materials that
present varietal guarantee and better health conditions drives the expansion of PSS planting in this
production system. In addition, sugarcane propagated by this method has nutritional and tillering
characteristics similar to the conventional method [18].

However, despite the reduction in the propagation material volume for the MEIOSI central
rows, PSS have low water and nutrient reserves, a poorly developed root system, and low leaf area
when they are transplanted to the field [17], which makes water supplementation indispensable for
plant establishment, since the absence of irrigation leads to high plant mortality and the need for
replanting [18].
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This study showed that plant growth-promoting bacteria (PGPB) from the genus Bacillus spp.
can help with this problem. The increase in plant survival promoted by PGPB inoculation at 30 DAT
suggests that the inoculated plants were influenced by the biological mechanisms already reported
by B. licheniformis [35,61] and B. subtilis [38,62-66], such as the production of phytohormones,
siderophores and exopolysaccharides, biofertilization, and remediation of abiotic stresses. In the
absence of inoculation, PSS survival of 82.4% corroborates with the percentage found by Almeida
Neto et al. [67]. Although no other studies evaluate PSS survival in the field under the use of
microorganisms, studies report the action of PGPB in improving rooting and nutritional aspects
[37,68-71].

Inoculation of B. licheniformis and B. subtilis can be a promising approach to improving plant
growth, as the particularities of each species allow for a greater spectrum of action on signaling
pathways, nutrient solubilization, and phytohormone production [38,41,42,72]. Our results show that
inoculation promoted an increase in stalk height (SH) at 63 DAT, a result similar to that found by
Brandi et al. [41], who reported that the association of two bacteria of the Bacillus genus increased the
sugarcane height. In contrast, individual inoculation of each species did not raise this parameter.
However, PGPB inoculation did not affect the number of tillers (NT), stalk diameter (SD), and shoot
dry biomass (SDB), a result that was also observed by Wang et al. [73] and Ferreira et al. [70].

Water is indispensable for plant development and is involved in metabolic processes. Hence, a
decrease in water supply directly and indirectly interferes with various processes related to plant
growth and development [74,75], which explains the increase in SH, SD, NT, and SDB as the water
supply increased.

As water availability decreased, there was an increase in WUE; however, the inoculation x water
regime interaction was only verified under severe water restriction (0% irrigation), where PGPB
surprisingly increased WUE by 185%. These results indicate that the plants treated with FMCHO001
and FMCHO002 had better control of maintaining the plant's water status during the progressive
drought than the non-inoculated control plants. These bacteria remain as spores for survival in water-
scarce conditions, which helps them survive better in extreme conditions for extended periods [39].

Inoculation provided a higher crop growth rate (CGR) at the peak of development (145 to 192
DAT) for all the water regimes studied. The CGR measures the variation in dry matter mass over
time, which in this study reached the maximum accumulation of dry matter mass per day at
approximately 180 DAT. Between 130 and 180 days after planting, in mid-August/September,
sugarcane plants are at the peak of their development due to favorable temperature and rainfall
conditions [4], which justifies the higher net assimilation rate (NAR) for all treatments. The CGR and
NAR curves corroborate the results of Pedula et al. [76], who showed an increase in these indices by
applying five diazotrophic bacteria.

The relative growth rate (RGR) is the increase in dry matter mass per unit of original dry mass
over a period, representing the plant's efficiency in producing new material [54]. The RGR curves
were inverted throughout the cycle between the inoculated and non-inoculated plants. The
inoculated plants began the cycle with lower RGR in the 0 to 33% water regimes and higher RGR in
the 66 and 100% regimes. The opposite was observed at the end of the experiment, where the
inoculated plants had higher mass values per pre-existing mass compared to the non-inoculated
plants in the 0 and 33% water regimes.

It is estimated that 40% of the photoassimilates produced by plants go into the production of
exudates by the root system [77]. The exudates released by plant roots play a role in maintaining and
interacting with rhizospheric microorganisms [78], as they are the primary source of organic carbon
in the rhizodeposition process [79]. Root exudation represents a significant carbon cost for the plant
[80]. At the beginning of the cycle, under water restriction, the plants may have partitioned part of
their assimilates for the inoculated bacteria maintenance, which possibly affected carbohydrate
production. This allowed the colonies to settle and develop in the rhizosphere of the plants and
promote the inversion of the curve at the end of the cycle. Under conditions closer to adequate in
terms of the necessary water supply (66 and 100% water tables), the partitioning to the production of
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exudates probably didn't interfere enough to influence the production of dry matter by pre-existing
material.

It is worth noting that the treatments related to the water regimes took up to 57 DAT (Figure 1),
after which all the plants were subjected to natural rainfall. Considering the long period of the crop
in the field (231 DAT) and the controlled irrigation period (57 DAT), it is possible that, at the end of
the evaluations, the dry matter mass production parameters were level for all the water regimes.

The NAR considers leaf area as the surface capable of producing carbohydrates. In this case,
unlike the RGR, the inoculated plants showed higher values at the beginning of the cycle, which
indicates that the photoassimilates resulting from the higher net assimilation rate of the inoculated
plants were being partitioned to resources other than the production of shoot dry matter mass, such
as the root system improvement [39,81]. These resources may have aided the greater production of
shoot dry matter mass after 145 DAT, as shown by the CGR and RGR curves under inoculation with
B. licheniformis and B. subtilis.

The leaf area ratio can be interpreted as the ratio between the assimilatory surface and the
material assimilated by that surface. Thus, lower values under the action of PGPB indicate the action
of Bacillus on yield efficiency, as it indicates that the inoculated plants produced more assimilate per
unit of assimilatory surface [54].

On the other hand, the specific leaf area (SLA) represents the ratio between leaf area and leaf dry
matter mass, while the specific leaf weight (SLW) indicates the inverse of SLA. Both indices allow us
to analyze leaf thickness since the higher the SLA, the lower the leaf thickness, and the higher the
SLW, the greater the leaf thickness. Thus, compared to non-inoculated plants, PGPB increased leaf
thickness at the beginning of the cycle for the 0, 33, and 66% regimes. For the 0% regime, the leaf
thickness of the treatments leveled off at around 110 DAT. PGPB promoted greater leaf thickness,
which explains the higher net assimilation rate in inoculated plants during this period. The higher
leaf thickness may represent greater shoot dry biomass production efficiency by improving the
photosynthetic apparatus, mainly due to the vascular bundle sheath in Cs plants such as sugarcane
[4]. SLW at 63 DAT was highly correlated with shoot dry biomass, crop growth rate, and net
assimilation rate (R2 = 0.5**).

These results show the potential of PGPB to promote tolerance to water deficiency since, under
water restriction, these bacteria enabled greater dry matter mass yield efficiency at the end of the
experiment, as well as a higher assimilation rate and greater leaf thickness at the beginning of the PSS
growth in the field.

Several reports of bacteria of the genus Bacillus increase the rooting of sugarcane, which explains
the increase in volume, area projection, and surface area of roots at a depth of 20 cm [28,36,82]. One
of the ways PGPBs promote tolerance is by acting on signaling pathways that promote more
significant partitioning of assimilates to the root system [81]. In addition, these bacteria are abundant
in the root zone of drought-adapted plants [39].

Zhang et al. [83] demonstrated that B. subtilis could regulate auxin homeostasis in A. thaliana,
resulting in higher auxin levels in the root system. In addition, species of the genus Bacillus spp. can
synthesize auxins, gibberellins, cytokinins, and spermidines, which increases the division and
elongation of root cells [84]. Roots are considered one of the essential adaptive traits for withstanding
water stress. Much evidence shows that plants with more prolific, deeper, and higher root biomass
can tolerate water stress better than plants with thinner root systems since roots are the only organ
capable of extracting water from the soil profile [85,86].

In addition to increased rooting, which increases the uptake of water and nutrients, enabling the
tolerance to water deficiency in plants [74,75,87], it also increases root and shoot dry matter, directly
related to the plant's WUE [39]. In this study, inoculation increased the absorption of N, P, Mn, and
Zn at 63 DAT and increased WUE at whole plant level under more severe water stress.

Increased water restriction led to increased bifurcations and the surface area of the roots at 60—
80 cm depth. Water deficit stimulates the expansion of the root system to deeper regions of the soil
profile [88-91]. The emission of root hairs increases the surface area and maximizes water uptake
[75].
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Water entry into the xylem directly affects the concentration of ions in the leaf tissues. Under
water restriction, nutrient absorption decreases due to transpiration, which reduces mass flow.
However, due to the reduction in dry matter mass resulting from water restriction, the reduction in
absorption may have a low effect on the element concentration in the tissue [92]. Thus, the final
nutrient concentration in the tissues depends on the relation between the reduction in uptake and
dry matter accumulation. If the decrease in uptake is more significant than the reduction in dry matter
accumulation, the element concentration in the tissues will be more significantly affected [93]. Here,
we found an influence of water regimes on N, P, Ca, Mn, Zn, and Fe levels. On the other hand, water
regimes did not affect K, Mg, S, B, and Cu levels, probably due to the decrease in dry matter mass
accumulation. However, leaf accumulation of these nutrients, considering dry matter mass, was
strongly influenced by water regimes.

Around 40% to 70% of the N and 80% to 90% of the P fertilizers applied are lost to the
environment due to variations in soil dynamics [94]. In this sense, the use of B. licheniformis and B.
subtilis can minimize these losses and contribute to nutrient uptake, promoting sugarcane growth in
the initial phase, with nutritional increases of 14.9% and 10.8%, respectively, compared to the control
in the 66% water regime.

The increase in P content (13%) was also observed by [95], studying PSS treated with B. subtilis
and B. pumilus. In addition, the authors reported greater root growth and an increase in total dry
matter in PSS treated with B. subtilis. The Bacillus genus is deeply associated with phosphorus
solubilization [96] due to mechanisms such as the production of organic acids, acidification, and
chelation [36,97], which increases the nutrient uptake efficiency by the roots, especially under
adequate water availability.

As diffusion is the primary means of P-root contact, water availability is indispensable for the
successful uptake of this nutrient by the roots; the lower the humidity, the more critical the P
diffusion, especially in sandy soils [98,99], which explains the increase in phosphorus availability
from 0 to 66% of the irrigation depth. In addition, water is mainly required to mineralize organic P
through microbial activity [100].

However, PGPB contributed to minimizing this effect in conditions of low water availability
since, under severe water stress, there was a 15.3% increase in the P content of inoculated plants.
Fonseca et al. [36], studying PSS inoculated and not inoculated with B. subtilis under adequate water
regime and moderate drought, found increases of 15% and 33% in P content in irrigated plants and
under moderate drought, respectively, in inoculated plants.

The endogenous P availability influences the N metabolism, so plants with an adequate P supply
increase the nitrate uptake from the soil solution, which is transported from the roots to the shoot,
with a more significant accumulation of amino acids in the leaves and roots [101-103]. This is why
the N and P contents had a high correlation (R? = 0.8*), indicating that the metabolism dynamics of
these nutrients are strongly interlinked. Nitrogen is essential for forming proteins and enzymes that
help plant growth and development [75]. In our study, water availability also contributed to higher
N levels in the treatments associated with Bacillus. The 66% rate was higher than the others, possibly
due to the mechanisms above and the higher P levels in this irrigation rate. In a study carried out by
Rosa et al. [104], the authors assessed the interaction of N and P concentrations in sugarcane leaves
inoculated with A. brasilense, B. subtilis, and P. fluorescens as a function of phosphate fertilization and
found an increase in N concentration which resulted in higher agro-industrial quality of the
sugarcane.

Singh et al. [105], when verifying the potential of nitrogen-fixing rhizobacteria, found that
Bacillus species isolated from the root system of sugarcane plants could produce ammonia and
showed high nitrogenase activity in vitro. This explains the promotion of N uptake by sugarcane by
applying B. licheniformis and B. subtilis [36,82,106]. Under water stress, PGPB promoted a 60.8%
increase in N content compared to the control, corroborating Girio et al. [37], who studied sugarcane
seedlings inoculated with PGPB associated with the application of N in low-fertility soils and found
gains in initial growth, dry matter mass, and root length, regardless of fertilizer application, resulting
in a positive physiological effect of the bacteria on sugarcane growth.
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The correlation between the contents of N, P, and Zn and SLW, CGR, LA, and PS shows that the
increase in the leaf nutrient concentration resulted in greater thickness, which led to greater net CO:
assimilation, promoting greater survival and a higher crop growth rate. The effect of inoculation with
Bacillus on the uptake of N and P is already well-established, but verifying a high correlation between
these nutrients and plant survival elucidates the mechanisms of action of these microorganisms in
the survival of pre-sprouted seedlings in the field.

PGPB also favored the uptake of Mn and Zn. Rana et al. [107] cite that Mn and Zn can be supplied
to plants by microbial exudates since uptake is carried out directly by microorganisms [108]. Most
bacteria of the Bacillus genus are gram-positive and have a significant amount of teichoic acid and
peptidoglycan. These compounds have amide and carboxyl groups that can give cells a functional
charge through the proton loss originating from metals' electrostatic attraction [109]. In a heavy metal
phytoremediation study, Huang et al. [110]. reported that two species of the genus Bacillus sp.
improved Mn absorption and increased this nutrient content in the leaves and stem of Broussonetia
papyrifera. This suggests that the Bacillus species studied promoted a more significant translocation of
these nutrients to the shoot. In addition, the increase in root length and surface area seen in inoculated
plants is closely linked to the uptake and translocation of micronutrients.

The soil Zn mobility is directly associated with microbial metabolism [111]. Zn uptake and
transport in plants occur in several stages and can be affected by nitrogen mediated by
microorganisms [107]. There is evidence that the plant nitrogen status can positively impact the
nutrient translocation between the root and shoot and positively affect the root Zn uptake. Rana et
al. [107] demonstrated a highly significant correlation between Zn and N and P concentrations, as
observed in our results (Figure 14). This suggests that the improved nutritional status promoted by
B. licheniformis and B. subtilis about the nutrients N and P may have favored Zn uptake.

Inoculation did not influence the yield variables SH, SD, NN, and IL at harvest. However, PGPB
increased NT under the 33% and 100% water regimes. The number of tillers per meter is a component
of productivity that acts as a strong indicator of drought tolerance in sugarcane [112], so the increase
obtained from B. licheniformis and B. subtilis in the initial 33% regime demonstrates the tolerance-
promoting potential of these species. Other studies have also reported an increase in the number of
tillers under inoculation with species of the genus Bacillus [36,41,96,113].

The increase in NT in the 33% and 100% water regimes resulted in higher MEIOSI multiplication
rates in these conditions, considering the high level of correlation between these variables (R2 = 0.8*%).
It is, therefore, pertinent to emphasize the beneficial effects of inoculation with two species of Bacillus
in PSS in the context of producing basic propagative material for the MEIOSI system. The increase in
the NT results in greater quantities of plant material suitable for subsequent planting throughout the
area [58,114].

The different water regimes influenced the NN and, consequently, the IL. The lowest irrigation
rates reduced IL. This phenomenon is called curling and is common in water restriction conditions
[115]. Therefore, as the multiplication rate is a result of the number of tillers per meter and the number
of buds per stalk [58], and lower initial irrigation rates resulted in shorter internodes and a greater
number of nodes/buds, the multiplication rate responded with a linearity that was inversely
proportional to the regimes.

All of these demonstrate that the synergism between B. licheniformis and B. subtilis favored the
sugarcane pre-sprouted seedlings growth in the MEIOSI system, with an increase in root attributes
and nutrient uptake and, therefore, favored the multiplication rate in the MEIOSI system, even under
water deficiency.

5. Conclusions

We reported how Bacillus licheniformis strain FMCHO001 (DSM32154) and Bacillus subtillis strain
FMCHO002 (DSM32155) increased plant survival and water use efficiency of sugarcane pre-sprouted
seedlings in the field. Inoculation with two Bacillus species benefited crop growth in the MEIOSI
system, mainly because it increased root attributes and thus favored nutrient uptake such as N, P,
Mn, and Zn. In addition, inoculation increased the number of stalks in the initial water regimes of
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33% and 100%, which resulted in a higher multiplication rate in the MEIOSI system. In addition to
the need to supply water at the beginning of the establishment of sugarcane pre-sprouted seedling
areas, sugarcane fields depend on high doses of fertilizers for their proper development, influencing
their longevity. Therefore, these results have important implications for sustainability since, in
addition to increasing nutrient uptake, the study showed that the inoculation with B. licheniformis
and B. subtillis is a viable strategy to favor the efficiency of water resources in the formation of
sugarcane fields using plant material from pre-sprouted seedlings.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org., Table S1: Equations for adjusting the leaf area and total dry mass variables for
growth analysis.
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