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PLANT-MICROORGANISM INTERACTIONS

Slavica Kerecki, llinka Pecinar, Vera Karli¢i¢, Nemanja Mirkovi¢, Igor Kljujev, Vera Raicevi¢ and
Jelena Jovici¢-Petrovic

Faculty of Agriculture, University of Belgrade, Belgrade, Serbia

ABSTRACT

This study assesses the effects of Azotobacter biopriming on the early development of sugar beet.
Azotobacter chroococcum F8/2 was screened for plant growth promoting characteristics and
biopriming effects were estimated through germination parameters and the structural changes of
the root tissues. A. chroococcum F8/2 was characterized as a contributor to nitrogen, iron, and
potassium availability, as well as a producer of auxin and 1-aminocyclopropane-1-carboxilic acid
deaminase. Applied biopriming had reduced mean germination time by 34.44% and increased
vigor | by 90.99% compared to control. Volatile blend comprised 47.67% ethanol, 32.01% 2-
methyl-propanol, 17.32% 3-methyl-1-butanol, and a trace of 2,3-butanedione. Root
micromorphological analysis of bioprimed sugar beet revealed a considerable increase in primary,
secondary xylem area, and vessels size. Obtained results determine A. chroococcum F8/2 as a
successful biopriming agent, and active participant in nutrient availability and hormonal status
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modulation affecting root vascular tissue.

Introduction

Sugar beet (Beta vulgaris L.) is a necessary part of the human
diet due to high content of sucrose as the key component (up
to 20% of the taproot fresh weight) (Rodrigues et al. 2020),
vitamins, minerals, phenolics, carotenoids, ascorbic acid,
and betalains (Chhikara et al. 2019). In 2019 the total
world sugar production was 187 Mt, and the share of sugar
beet was about 20%. It is projected that sugar production
will reach 209.5 Mt by 2026 (OECID-FAO 2017). Since the
content of sucrose in the root is genetically limited, it is
clear that sugar beet production must be directed towards
increasing the root yield (Hoffmann and Kenter 2018).

The technological yield of sugar is highly influenced by
germination and early growth stages (Chomontowski et al.
2020), and achieving it needs support from the very begin-
ning of the plant’s life. Successful, uniform, rapid germina-
tion as well as the emergence of normal seedlings alleviate
adverse impacts and lead to optimization of crop production
(Mal et al. 2019). Therefore, sugar beet seeds need to be sub-
jected to sophisticated technique such as priming (Chomon-
towski et al. 2020), pelleting, and coating (Jolayemi 2019) to
promote germination and early growth. Among the new
technologies, biopriming and microbiological inoculation
as its method are acceptable in terms of sustainability and
the reduction of inorganic additives to the environment. Bio-
priming is conducted through a set of physiological events
initiated by hydration (imbibition), and seed inoculation
with Plant Growth Promoting Rhizobacteria (PGPR) (Sood
et al. 2021). PGPR create a tight association with the plant,
not only supporting its growth and health (Liu et al. 2021),
but also the biological integrity and quality of the soil

(Khatoon et al. 2020). Besides, biostimulants have been
shown to improve nutrient uptake, crop tolerance to
drought, and pathogens as well as water uptake efficiency
by different Plant Growth Promoting (PGP) mechanisms
(Jolayemi 2019; Khan et al. 2020). The rapid growth of
sugar beet, its short vegetative cycle, intensive accumulation
of dry matter, and extremely high demand on nutrients’
availability as well as their efficient transport (Cardoso
et al. 2017) could be boosted by activity of PGPR.

One of the most promising PGPR genera is Azotobacter,
free-nitrogen fixing bacteria, universally recognized as an
inoculant in sustainable agriculture. Nitrogen fixation as a
major trait is of particular importance in sugar beet pro-
duction, whose yields are dependent on nitrogen supply
(6-8 pounds/t according to Poindexter 2001). Beneficial
effect of A. chroococcum on sugar beet yield and technologi-
cal quality has already been demonstrated (Caci¢ et al. 2003;
Mrkovacki and Mezei 2003; Kuzevski et al. 2011; Mrkovacki
et al. 2016), but without deeper insight into the mechanisms
of action. The agronomic significance of Azotobacter sp. is
reflected through additional features such as phosphate solu-
bilization (Nosrati et al. 2014), synthesis of phytohormones,
siderophores, antibiotics, exopolysaccharides, degradation of
toxic compounds (Sumbul et al. 2020), and contribution to
the ecological balance in the agroecosystem (Jiménez et al.
2011). All generated knowledge resulted in Azotobacter rec-
ognition by The Regulation EU 2019/1009 as one of the three
bacterial genera that can be used as microbial plant biostimu-
lant/biofertilizer. Consequently, research on Azotobacter is
much closer to practical application of the findings, com-
pared to Bacillus and Pseudomonas as widely studied
PGPRs. Azotobacter genus is studied as biopriming agent
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of maize (Sharifi and Khavazi 2011), safflower (Sharifi 2012),
barley (Mirshekari et al. 2012), and wheat (Milosevic et al.
2012). However, in order to make a better estimation of Azo-
tobacter sp. use in biopriming, further research is needed.
Current literature still lacks data regarding Azotobacter sp.
volatile organic compounds (VOCs) production and their
effects on plants. VOCs play an important role in communi-
cation with soil microbes, nematodes, insects, and plants (Xu
et al. 2015; Schulz-Bohm et al. 2017; Calcagnile et al. 2019; de
Boer et al. 2019).

Furthermore, understanding root development at earlier
stages is pivotal since it has a huge impact on root function.
The root developmental processes in Beta vulgaris are
mainly focused on the regulation of cambium activity,
which produces precursors for the formation of xylem
and phloem elements (Jouannet et al. 2015). However,
there is not enough evidence showing the effects of prim-
ing/biopriming on the root xylem vessels, precisely, on
the stimulation of cambium division and differentiation.
Such correlation would contribute to understanding the
observed effects in a more holistic way.

Taking into account the current state of the art,
described above, the main goal of this research was to
estimate A. chroococcum F8/2 biopriming effects on the
early stages of sugar beet growth and root development.
The aim was approached through comprehensive insight
into: bacterial PGP mechanisms, and VOCs compo-
sition, as well as sugar beet germination parameters
and root microstructure.

Materials and methods
Bacterial strain characterization

The bacterial strain was obtained from the collection of Depart-
ment of Environmental Microbiology, Faculty of Agriculture,
Belgrade, Serbia. The strain A. chroococcum F8/2 was previously
isolated from the agricultural soil, identified according to mor-
phological traits, and proven to be a potent biopriming agent on
several crops (Kerecki et al. 2021).

Molecular identification

Genomic DNA was obtained by method of Hopwood et al.
(1985). Kapa Taq DNA polymerase (Merck KGaA, Darm-
stadt, Germany) was used to amplify the 16S rDNA and
nifH genes using a Kyratec SuperCycler Trinity (Queensland,

4122 Australia) with specific primers: 16S - Fw
(GAATCTTCCACAATGGACG) and  16S Rev
(TGACGGGCGGTGTGTACAAG) (Jov¢i¢ et al 2009);

nifH-gl - Fw (GGTTGTGACCCGAAAGCTGA) and nifH
- gl - Rev (GCGTACATGGCCATCATCTC) (Helmut
et al. 2004). The reaction mixture contained template DNA
(100 ng), Taq polymerase buffer (10x), dNTP mix
(10 mM), each primer (10 mM), Taq polymerase (2 U/uL).
PCR conditions were set as follows: 94°C for 5 min; followed
by 30 cycles of denaturation at 94°C for 30 s; annealing 55°C
(50°C for nifH-gl primers) for 30 s.; primer extension at 72°
C for 2 min,; at the end final elongation step at 72°C for
7 min. PCR products were sequenced by the Macrogen
Sequencing Service (Macrogen Europe, Amsterdam, The
Netherlands) and BLAST algorithm was used for analyzing
nucleotide sequences (Altschul et al. 1997).

Plant growth promoting profiling

Phosphate solubilizing activity was estimated on National
Botanical Research Institute’s phosphate growth medium
(NBRIP) (Nautiyal 1999). Potassium solubilization was
determined on the modified Aleksandrov medium with K-
Al silicate as the K-bearing mineral (Rajawat et al. 2016).
Zinc solubilization capacity was performed on the Tris-min-
eral salt medium supplemented with 1% of ZnO (w/v)
(Gandhi and Muralidharan 2016). Selective media were
spot inoculated with overnight bacterial culture in three
replications, and incubated at 28 +2°C. The incubation
period was two weeks, 72, and 48 h, for NBRIP, Alexander,
and Tris-mineral salt medium, respectively. After the incu-
bation period, the appearance of halo zones around the colo-
nies was considered as positive result for the phosphorus,
potassium, and zinc solubilization. The solubilization
capacity of the strain was expressed through solubilization
index (SI) calculated by the formula (Bashir et al. 2017):

gy — Colony diameter + halo zone diameter

Colony diameter

x 100

The potential of dissolving K from K-Al silicate as a K-source
in the solid media was classified as low (SI < 2.00), intermedi-
ate (SI 2.00-4.00), and high (SI >4.00) (Setiawati and Mut-
mainnah 2016). Siderophore production was identified
using a modified CAS assay (Alexander and Zuberer 1991).
In brief, the Chrome azurol S (Fluka, USA) agar medium
was spot inoculated with the overnight bacterial culture
and incubated for 5 days at 28 + 2°C. The appearance of yel-
low-orange zones around colonies indicated siderophore
production. The diameter of the zone was measured and
siderophore production is classified as low (1.5 mm), moder-
ate (6-10 mm), and high (11-15 mm) according to Wani
et al. (2007).

Ammonia production was tested in 5 ml peptone water
broth (Torlak, Serbia) incubated for 72 h at 28 + 2°C. After
the incubation period, 0.5 ml of Nessler’s reagent (Alfapano-
nija, Serbia) was added to the tube and the appearance of yel-
low-brown  color indicated ammonia production
(Cappuccino and Sherman 1996).

The capability to produce acid and alkaline phosphatase
was assessed using API ZYM system (Biomerieux, France)
according to the manufacturer’s instructions.

The production of exopolysaccharides (EPS) was deter-
mined according to Paolo et al. (2012). The sterile filter
paper discs (5 mm @) were inoculated with 5 pl of the over-
night bacterial culture, placed on ATCC No.14 solid media
(Arfarita et al. 2016), and incubated at 28 +2°C for 48 h.
The slimy colonies were mixed with 2 ml of absolute alcohol,
and the presence of precipitate confirmed EPS production.

The 1-aminocyclopropane-1-carboxylic acid (ACC) dea-
minase activity was determined by the 96-well PCR-plate
ninhydrin-ACC assay (Li et al. 2011). Briefly, the bacterial
culture was grown in DF-ACC medium (Penrose and
Glick 2003), containing 3 mmol ml™' of ACC (Sigma-
Aldrich, USA). The un-inoculated DF-ACC medium was
used as a control. After 24 h incubation at 28°C/200 rpm,
bacterial supernatant was obtained and added to DF medium
in a ratio 1:10. The diluted supernatant (60 ul) was trans-
ferred to a 96-well PCR plate with 120 pl of ninhydrin
reagent and heated in a boiling water bath for 30 min. After-
wards, 100 ul of the reaction solution was transferred to the



flat bottom-96-well microplate. The optical density (OD) was
recorded at 570 nm (T70 UV/VIS Spectrometer, PG Instru-
ments LTD). The obtained results were compared to the
standard curve prepared with pure ACC (Sigma-Aldrich,
USA) in the range of 0.005-0.5 mmol ™.

The indole-3-acetic acid (IAA) production was deter-
mined by the colorimetric test (Paten and Glick 2002). Mini-
mal salt medium enriched with 100 pg ml™" of I-tryptophan
(Sigma-Aldrich, USA) was inoculated with overnight bac-
terial culture and incubated for 72 h/30 + 1°C/150 rpm (KS
260 basic, IKA, Staufen, Germany). The broth was centri-
fuged at 10,000 g for 5 min (Eppendorf, Germany), 1 ml of
collected supernatant was mixed with 2 ml of Salkowski
reagent, and incubated in the dark for 20 min. The optical
density (OD) was recorded at 540 nm (T70 UV/VIS Spec-
trometer, PG Instruments LTD). The obtained results were
compared to the standard curve prepared with pure IAA
(Sigma-Aldrich, USA) in the 1-100 pg ml~" range.

Seed germination assay

Sugar beet (Beta vulgaris L.) ‘Hurricane’ seeds (SESVander-
Have, Belgium) were surface sterilized by immersion in
70% ethanol (v/v) for 2 min, followed by 2 min exposure
to 2% NaOCIl (v/v). Seeds were carefully washed 5 times
with sterile water and air-dried under aseptic conditions in
the laminar chamber. The success of the sterilization pro-
cedure was confirmed by the absence of bacterial colonies
on Nutrient agar (Torlak, Serbia) where treated seeds were
placed and incubated for 48 h at 28 + 2°C.

Seeds were inoculated by immersion into the 48h-old bac-
terial suspension (107 CFU ml ™", which corresponds to OD 1
at 550 nm; T70 UV/VIS Spectromer, PG Instruments LTD,
UK) and incubated for 1h/28+2°C/130 rpm (KS 260
basic, IKA, Staufen, Germany). The control treatment
seeds were immersed in sterile water.

Germination test was carried out by placing 100 of each
A. chroococcum-inoculated and control seeds in Petri dishes
on sterile filter paper. Each treatment had four replicates.
The seeds were subjected to natural light at 25°C for 7
days. The humidity was regularly maintained by adding ster-
ile water. The number of germinated seeds was recorded
daily. The final germination percentage (FGP), germination
index (GI), mean germination time (MGT), vigor I, and
vigor II was calculated by the advanced germination
measurement tool (Agron Info-Tech).

The effect of Azotobacter volatile organic compounds
(VOCs) on sugar beet seedlings

The closed system (Passive Diffusion System), which
involves the use of two-compartment Petri dishes enabling
the physical separation of the selected bacterial strain and
plant seeds, was used in the study.

A drop of 20 pl 10" CFU ml™" bacterial suspension was
applied on the Fiodorov agar medium (Anderson 1985) on
one side of the divided Petri dish while the medium was
not inoculated for the control treatment. The seeds were ster-
ilized as previously described and placed on moistened
Whatman’s filter paper which is placed on the second part
of the divided Petri dish. Six seeds were placed per Petri
dishes in triplicates. The plates were sealed with Parafilm’
(Sigma-Aldrich-USA) to prevent penetration of outside air
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but allow VOCs exchange between compartments. All
boxes were under laboratory conditions for 7 days after
which fresh and dry mass of seedlings were measured.

GC-MS analysis of VOCs

The headspace vials (75.5%22.5x20 ml), (Merck KGaA,
Darmstadt, Germany) were filled with 5ml of Fiodorov
medium, sterilized, and inoculated with 20 pl of 10" CFU
ml™" of Azotobacter suspension. The vial with the uninocu-
lated Fiodorov medium represented the control treatment.
The incubation regime was at 28 £ 2°C for 3 days, and the
samples were subject to GC-MS analysis.

Static HS GC-MS analysis was carried out using the Agi-
lent gas chromatographic system (CA, USA) with an auto-
sampler GC 80, a gas chromatograph 7890A, and a mass
detector 5975C MSD. Regarding HS analysis, the regime of
the autosampler meant the incubation time of 1200 s, incu-
bation temperature of 120°C, and syringe temperature of
130°C. To perform qualitative and semi-quantitative analysis
of volatile components, the gas chromatograph was con-
nected directly to two detectors: flame ionization detector
(FID) and mass spectrometric detector (MSD) (chromato-
grams shown in SM1). The HP-Innowax capillary polar col-
umn (30 m x 0.320 mm x 0.25 um) and helium, as the pure
carrier gas, with a constant flow of 3 ml/min were used for
the analytical performance. The temperature of the injector
was 220°C, and the temperature of the flame ionization
detector was 300°C. The regime of the oven was set up as fol-
lows: 35°C for 5 min, 65°C a rate of 3°C/min, 225°C at the
rate of 10°C/min, and then held for 4 min. The injection
was performed in split mode 3:1 and the injected volume
of the sample was 2000 pl. The mass spectra were recorded
using the electron ionization (EI) mode of 70 eV and the
ion source temperature of 230°C, while the mass analyzer
(quadrupole) was constantly heated to 150°C.

The relative contents of the identified compounds were
calculated from the GC peak areas. Identification and
quantification of obtained volatile compounds were
confirmed by comparing the mass spectra and retention
indices (RI) to those of standard compounds from the
NIST WebBook (US National Institute of Standards and
Technology).

Assessment of structural changes in the inner tissue
of the root

Sugar beet seeds were prepared as previously described in the
seed germination assay section. Afterwards, 25 sugar beet
seeds per treatment (control/A. chroococcum-inoculated
seeds) were sown in plastic containers (500 x 280 x 55 mm)
filled with commercial substrate (Klasmann-Dilmann,
Germany). The number of emerged plants per treatment
was noted and final emergence percentage (FEP) was calcu-
lated. The control and A. chroococcum inoculated plants at
the stage 21 days after sowing were harvested on the same
day. The root samples (with a length of 5 mm), were cut
off from the five representative plants, fixed in 50% alcohol
(v/v), and embedded in paraffin. Sections 8-12 um thick
were taken by sliding microtome and stained with safranin
and alcian blue (Ruzin 1999). Transverse sections of five
roots of control and five roots of A. chroococcum inoculated
beet were observed by bright-field light microscopy in



722 (&) S.KERECKIETAL.

Table 1. Characteristics related to plant growth promotion.

PGPR features Results
Phosphorus solubilization (SI) 0.00
Zinc solubilization (SI) 0.00
Potassium solubilization (SI) 3.00+1.18
Iron- siderophore activity (@ cm) 2.00+0.19
Amonnia poduction +

Acid phosphatase +
Alcaline phosphatase +

IAA synthesis (ug ml~") 10.00 £0.16
ACC utilization (mmol™")* 2.75+0.14
Exopolysaccharides production +

+ indicates positive qualitative test.
*The ACC utilization value was obtained by subtracting the obtained ACC con-
centration after incubation from the initial concentration of 3 mmol~".

transmitted light (Leica DM2000, Germany), and documen-
ted with a Leica DC320 digital camera, and software Leica
IM1000 was used for sample capture and measurements.
In the case of the mean area of the 10 parenchyma largest
cells and vessels as well as the number of parenchyma cells,
each recorded measurement is the average of at least 10 or
90 measurements.

Statistical analysis

Data were processed using analysis of variance (ANOVA),
and the differences between the means were determined by
Tukey’s test at a 5% level of probability.

Results
Molecular identification

According to the results of 16S rDNA and nifH gene sequen-
cing, it was confirmed that the tested strain corresponds to
Azotobacter chroococcum. The sequences were submitted to
NCBI GenBank database (GenBank accession no.
MZ188902 and MZ230598, for 16S and nifH, respectively).

Plant growth promoting assessment

A. chroococcum F8/2 expressed multifunctional PGP traits
(Table 1). The results of the phosphorus and zinc solubil-
ization assays indicated that the strain had no potential to
utilize phosphorus and zinc from inorganic sources, but it
is characterized by the production of acid and alkaline phos-
phatase. A. chroococcum F8/2 had a moderate ability to dis-
solve K from K-Al silicate (SI(K) 3.01).

A positive test result for siderophore synthesis and aver-
age diameter of discoloration zone of 2 cm revealed the
strain’s ability to mobilize and bind Fe from the environ-
ment. The ammonia production activity was also confirmed
as well as the ability to synthesize exopolysaccharides (EPS)
by forming mucous colonies on the growing media.

A. chroococcum F8/2 produced 10 uygml™' TAA in I-
tryptophan supplemented medium, while the ninhydrin
test confirmed its capability to utilize ACC. After 16h-incu-
bation in DF-ACC medium, the initial concentration of ACC

decreased by 91.67%, which indicates the ACC consumption
by the strain.

Germination assay

The FGP of the inoculated treatment was calculated to be
lower by 20% in comparison to the control. An interesting
observation was the difference in germination after the
seeds were planted on the substrate for the assessment of
structural changes in the root tissues. The FEP of Azotobacter
chroococcum-inoculation treatment was 100%, while it was
lower by 7% in the control treatment. The seed inoculation
treatment had a significantly lower value of MGT versus con-
trol for 34.44% (Table 2). The Vigor I value of the inoculated
seeds was found to be 90.99% higher compared to control.
Analyzing the differences in Vigor II and GI between the
treatments, no significant differences were found.

Effect of VOCs on the beetroot seedlings

The exposure of sugar beet seeds to VOCs produced by
A. chroococcum F8/2 significantly increased fresh weight
(53.24%) compared to the control (Table 3).

The released VOCs are presented in Figure 1 and sum-
marized in Table 4.

The analyzed VOCs spectrum confirmed the production
of eight compounds. Alcohols were the dominant com-
ponent of the blend. The pick of ethyl alcohol is the highest,
while 2-methyl-propanol and 3-methyl-1-butanol are in the
lower concentration. The retention time ranges from 1 to
27 min. The control treatment showed no presence of vola-
tile compounds.

The microstructure of the sugar beet roots

The examination of transverse root sections of the
A. chroococcum-inoculated (Figure 2(a,c,e)), and control
young plants (Figure 2(b,d,f)) revealed that they have a
very similar general microstructure which consists of the
common regions, i.e. one layer epidermis, the multi-layer
cortex, and the vascular cylinder. The following root tissues
could be identified from the outside to the inside: epidermis,
cortical parenchyma, endoderm, and pericycle (both hardly
visible) (Figure 2), tertiary phloem, tertiary xylem, primary
and secondary phloem, cambium, primary and secondary
xylem (Figure 2). At the stage of a mature young root, the
cortical region consisted of five to six layers of thin-walled,

Table 3. Effects of A. chroococcum F8/2 VOCs on fresh and dry weight of sugar
beet seedlings after 7 days of exposure.

Treatments Fresh weight (g) Dry weight (g)
Control 0.0079 + 0.0036 0.0023 + 0.0004
VOC exposure 0.0120 + 0.0036* 0.0026 +0.0007 ™

*statisticaly significanttl diference compared to control at 5% level of prob-
ability, based on Tukey’s test; ns - not significant difference at 5% level of
probability.

Table 2. Effects of A. chroococcum F8/2 biopriming on germination parameters of sugar beet seeds.

Treatment FGP (%) Gl MGT (day) Seedlings lenght (cm) Seedlings dry weight (g) Vigor | Vigor Il
Control 54+5 27+0.1 543+0.38 349+234 0.0021 £ 0.0007 182.77 +£119.73 0.11+0.03
Inoculation 34+ 5% 28+05"™ 3.56 +0.14* 8.24 +1.50* 0.0023 +0.0004 "™ 349.08 + 173.53* 0.09+0.04 ™

Note: ns-not significant at 5% level of probability; * significant at 5% level of probability based on Tukey's test; n = 100.
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Figure 1. Chromatographic representation of VOCs realized by Azotobacter grown in Fyodorov medium obtained by: (A) mass spectrometric detector (MSD) and

(B) flame ionization detector (FID).

isodiametric parenchyma cells with small intercellular spaces
(Figure 2(a-d)). According to measurements of general ana-
tomical root traits (Table 5), the average areas of the cortex
regions were similar in size in control and A. chroococcum-
inoculated plants, as well as the number of parenchyma
cells. The mean area of the largest parenchyma cells and
vessels, area of primary and secondary xylem was signifi-
cantly higher in A.chroococcum-inoculated plants (Table 5).
At the stage of 21 days after emergence (Figure 2(a-f)), the
cambium had been formed, and the massive secondary
growth was presented in both root treatments (Figure 2(e,
f)). The increase in beetroot size is mainly due to the activity
of the cambium, which throws out cell division and expan-
sion processes. Secondary growth initiated by cambium
occurs on the inner parts of the phloem, precisely embedded
between the primary, secondary phloem, and primary, sec-
ondary xylem (Figure 2(e,f)). In the very central part of the
vascular cylinder remains the rest of the primary tissue, com-
posed of xylem, and represents the remains of a diarch vas-
cular bundle in the beetroots.

Discussion
PGPR properties of A. chroococcum F8/2

The presented study showed the biopriming potential of
A. chroococcum, a widespread free-living and nitrogen-
fixing bacteria used as a biofertilizer for more than a century.
A. chroococcum F8/2 was confirmed as multitasking PGPR
capable to regulate the hormonal status of plants through
the production of IAA and ACC, solubilize inorganic
forms of potassium, and mineralize nitrogen and phos-
phorus organic compounds. The presence of this isolate
with numerous PGP features resulted in increased seedlings
length and a significant increase in the mean area of vessels.

In this study, A. chroococcum F8/2 showed an impact on
the nutritional cycles of N, P, K, and Fe, elements crucial for
plant physiology. Biological nitrogen fixation (BFN) is the
crown of its PGPR activity, which ensures the inclusion of

Table 4. Volatile blend metabolized by A. chroococcum F8/2 grown in Fiodorov
liquid medium.

RT. Peak Peak % of

Peak RI Min Area % Max. Total

1 NI 685 1.278  3,26,991 1.52 0.73
2 Acetone 814 1.600 4,19,315 1.95 0.93
3 Ethanol 916 2.559 21,506,395 100.00 47.67
4 2,3-Butanedione 982 3203 252,182 1.17 0.56
5 2-methyl-1-propanol 1096 6.708 14,441,697 67.15 32,01
6  3-methyl-1-butanol 1224 11298 7,814,027 3633  17.32
7  2-methyl-4-penten-1-ol 1366 16.549 144,189 0.67 0.32
8 1-Tetradecanol 2174  27.236 211,407 0.98 0.47

atmospheric nitrogen as its cheapest source in sustainable
plant production. The isolated strain clearly shows the ability
to produce ammonia from organic sources as an additional
way of supplying nitrogen available to the plants. The contri-
bution of nitrogen fixation is quantified by Rodrigues et al.
(2018) who demonstrated an additional N-fixing amount
of 11.40 kg ha™" by including Azotobacter as a biofertilizer
in the field experiment. The presence of nitrogen in the opti-
mal ranges ensures the promotion of the quantitative and
qualitative traits of the root, directly affecting the sucrose
concentration (Mahmoud et al. 2012) while nitrogen input
through mineral fertilizer, results in an increase in green
mass, adversely affecting the technical quality of raw sugar,
and reducing sucrose content (Prvulovi¢ et al. 2009; Mah-
moud et al. 2012). Therefore, the use of A. chroococcum
F8/2 as a free nitrogen fixer involved in ammonification pro-
cesses could be a sustainable solution to achieve a balance
between the need and availability of nitrogen through all
stages of sugar beet development.

Even though Azotobacter species are characterized as
phosphate-solubilizing bacteria (Aasfar et al. 2021) our
strain showed no ability to solubilize tricalcium phosphate
in NPRIP medium. Similarly, Husen (2003) reported Azo-
tobacter vinelandii Mac 259 was not able to solubilize tri-
calcium phosphate. On the other side, the tested strain was
confirmed as a producer of acid and alkaline phosphatase
(Table 1), indicating involvement in the conversion of
organic phosphorous compounds to plant-available
forms. This is especially important considering the fact
that phosphorus deficiency mainly occurs in the early
stages of plants’ growth. In the case of sugar beet, it
leads to the formation of stunned, stiff plants, and yield
reduction (Sims and Smith 2001).

Sugar beet, like all ‘potassium-loving’ plants, has high
demand for this nutrient (Barlog et al. 2018). Potassium is
important for the synthesis, transport of photosynthetic
assimilates, and storage of sugar in the sugar beet root
(Mubarak et al. 2016) and this fact gives special importance
to the ability of A. chroococcum F8/2 to solubilize potassium
salts. The representatives of Azotobacter sp. are already
recognized as potassium-solubilizing bacteria capable to
improve potassium absorption by plants (Aasfar et al. 2021).

The presence of the iron-chelating feature of
A. chroococcum F8/2 raises the value of this priming agent
considering iron deficiency as common in plant nutrition
since it is present in the soil in poorly soluble forms inaccess-
ible to plants. Azotobacter sp. is known for producing sidero-
phores which are significant not only as iron-chelating
compounds but also contribute to antifungal activity of Azo-
tobacter sp. (Aasfar et al. 2021).
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Figure 2. Transversal sections of roots of Beta vugaris L. Azotobacter inoculated (a, ¢, e) and control (b, d, f) root reveals the massive secondary growth, and initiation of
tertiary thickening. Detailed view in the cortex (a—d); detailed view in the central cylinder (e, f). e-epidermis; co-cortex, pph-primary phloem; px-primary xylem, sx-
secondary xylem, sph- secondary phloem; tx-tertiary xylem, sph- secondary phloem; ca-cambium. Bars on Figures 2(A, B) indicated 200 pm, on (C-F) indicated

100 pm.

A comprehensive review regarding Azotobacter sp. (Aas-
far et al. 2021) provides insight into literature data that
confirm stimulation of nutrient uptake of plants after Azoto-
bacter sp. application. Mahato and Kafle (2018) reported an
improvement in N, P, Fe, and Zn uptake in wheat after seed
inoculation with Azotobacter sp. Also, an increase in protein
and carbohydrate content was recorded in two varieties of
maize after seeds were inoculated with A. chroococcum (Kizi-
log et al. 2001).

Besides the role of mediator in nutrient cycles,
A. chroococcum F8/2 represents a significant factor in phyto-
hormonal modulation thanks to the ability to produce IAA
and ACC deaminase. Some authors claim that the stimu-
lation of plant growth is more a result of this feature than
N fixation of Azotobacter sp. (Aasfar et al. 2021). Rajaee
et al. (2007) stated that even though A. chroococcum applied
in its study was marked as BNF, HCN, and siderophore pro-
ducer, the key feature responsible for enhanced nutrient
absorption, leaf area, seeds weight, protein content, and
yield of wheat was IAA synthesis. The strain tested in this
study produced TAA in the concentration of 10 ug ml™"
which is in line with the previous research results. Ahmad
et al. (2008) confirmed the ability of Azotobacter strains to

produce TAA in a range of 1.27-13.47 ug ml~". Bjelic et al.
(2015) confirmed that all tested strains synthesize IAA in
various concentrations up to 50.38 ug ml~". Microbial phy-
tohormones crucially affect plant physiology and develop-
ment of not only shoots but also the root architecture and
morphology (Egamberdieva et al. 2017; Ristova et al. 2018;
Xu et al. 2018). Our results show that A. chroococcum F8/2
modulates the sugar beet root characteristics and increases
its functionality. Only small doses of auxin lead to growth
promotion (Eliasson et al. 1989). Auxin in higher concen-
trations has a toxic effect since it stimulates the synthesis
of ethylene, which in high concentrations inhibits root
elongation and sometimes leads to plant death (Glick et al.
2007). This is the reason why the PGPR ability to synthesize
the ACC deaminase, enzyme decreasing higher concen-
trations of ethylene, is crucial in the rhizosphere. The ACC
test result of A. chroococcum F 8/2 reinforces the view that
Azotobacter sp. can modulate ACC concentration, which
was also confirmed by previous studies (Omer et al. 2016;
Viscardi et al. 2016). Yousefi et al. (2017) confirmed that
inoculating Dodonaea viscosa L. seeds with A. chroococcum
resulted in increased germination rates of 88 and 316%, pro-
motion of root and steam fresh and dry weight, as well as the



ratio between length and dry mass of root and shoot, empha-
sizing the role of microbial ACC deaminase in mitigating the
negative impact of abiotic stress.

A. chroococcum F8/2 ability to produce EPS implies its
potential role in raising the stability of soil aggregates (Arfar-
ita et al. 2016), consequently creating a better environment
for plant development (Alami et al. 2000). This is especially
relevant in intensive sugar beet cultivation, where intensive
tillage and heavy mechanization have a detrimental impact
on soil compaction, and cause soil aggregate disruption. In
addition, EPS protect microbial cells from dehydration, anti-
biotic action, the influence of osmotic stress, bacteriophages,
and toxic compounds (Sdnchez et al. 2006).

Multifunctional PGP activity of A. chroococcum demon-
strated in this study is in accordance with previous findings
(Ahmad et al. 2008; Bjelic et al. 2015; Jain et al. 2021) confi-
rming exceptional PGPR properties of this genus.

Influence of A. chroococcum F8/2 on sugar beet
germination

Considering the significance of germination on final yield,
several germination parameters were addressed in this
work. FGP, MGT, and Vigor I all demonstrated statisti-
cally significant differences between A. chroococcum F8/2
biopriming and control treatment (Table 2). The FGP
value of the control treatment was higher in comparison
to the biopriming treatment. However, both percentages
were significantly lower than the germination standard
of 96%, set in Serbia. On the contrary, the percentage
of emerged plants in the substrate was high. All of the
inoculated seeds emerged, while the emergence in the
control treatment was lower by 7% (data not shown).
Recent studies (El-Keblawy et al. 2018; Jovici¢-Petrovié
et al. 2021) reported higher FGP in substrate when com-
pared to the filter paper method. The better microclimate
of the substrate, primarily the air-water regime, could be
an explanation (Jovic¢i¢-Petrovi¢ et al. 2021). Despite being
an important parameter of germination, FGP does not
ultimately prove the germination success (Kader 2005).
MGT is a day-based parameter that indicates average
lag time between the beginning of imbibition and the
appearance of the radicle relating to germination uniform-
ity (Matthews and Khajeh-Hosseini 2006). The higher
MGT, the worse uniformity is. MGT of the inoculated
seeds compared to the control indicated that
A. chroococcum F8/2 had beneficial effect (Table 2). The
increased length of seedlings in the inoculation treatment
vs. control resulted in a significant increase in Vigor I of
90.99%. This can be attributed to the bacterial auxin since
it promotes cell elongation and division (Baca and Elmer-
ich 2007), as well as to the enhanced mobilization of
nutrients contained in seed (Bakonyi et al. 2013).

Production of VOCs by A. chroococcum F8/2

Many PGPB VOCs were determined during the last decade
(Tahir et al. 2017; Kumar et al. 2020), but little is known
about these compounds metabolized by the Azotobacter
genus.

Due to their biochemical properties, VOCs easily pass
through biological membranes and initiate physiological
processes (Ortiz-Castro et al. 2009; Cappellari et al. 2019).
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They can serve as plant’s nutrients, promote phytohormone
production and contribute to increased tolerance to biotic
and abiotic stress (Fincheira and Quiroz 2018). The exper-
iment confirmed VOCs production by A. chroococcum F8/
2 (Table, Figure 1). Ethanol was among the dominant com-
ponents of the volatile blend (47.67%), which can be
explained by high sugar content in medium (20 g/1). Similar
effect can be observed as a result of the increase in available
sugar in the rizosphere, originated from root exudates (Jones
et al. 2004), which may affect the properties of VOCs of bac-
terial strains. Perry and Perry (2019) detected ethanol as an
active VOC of Bacillus licheniformis and reviewed its role
as a part of the VOCs mixture involved in pathogen inhi-
bition and germination improvement. The authors also
emphasized the importance of ethanol as an intermediary
in ethylene degradation by soil microbes and as a precursor
for the other VOCs. The content of 3-methyl-1-butanol in
the A. chroococcum F8/2 metabolized blend was 17.32%
(Table 4). Fialho et al. (2011) showed that derivatives of 1-
butanol, 3-methyl-1-butanol, 2-methyl-1-butanol and 1I-
butanol, 3-methyl acetate inhibit the growth of Sclerotinia
sclerotiorum, contributing to the biocontrol activity. Pre-
vious studies identified 3-methyl-butanol and 2-methyl-pro-
panol as the main components of the volatile blend of
Bacillus subtilis GB03, Bacillus amyloliquefaciens IN937
(Farag et al. 2006), and PGP Fungi Phoma sp. GS8-3 (Naznin
et al. 2013). Under low-oxygen conditions (i.e. bacteria in the
rhizosphere), Proteobacteria and Firmicutes produce short-
chain alcohols (Farag et al. 2013) to provide an alternative
electron sink when aerobic respiration is limited from pyru-
vate (Xiao and Xu 2007). A. chroococcum F8/2 produced
32.01% of 2-methyl-propanol as shown in Table 4. In differ-
ent proportions with other volatile compounds (3-methyl-
butanol and 2-methyl-propanol), a positive effect on tobacco
growth was achieved (Naznin et al. 2013). Acetoin (3-
hydroxy-2-butanone) and its oxidized form 2,3-butanedione
are responsible for stimulating plant growth (Ryu et al
2004). Only 0.93% of acetoin and 0.56% of 2,3-butanedione
was produced by A. chroococcum F8/2 (Table 4) but it is not
neglectable since lower concentrations of VOCs have a
greater effect on plant growth than high concentrations
(Naznin et al. 2013).

Hence, it can be assumed that the VOCs formed by
the metabolic activity of A. chroococcum F8/2 may act
as plant growth inducers. This study found that the
exposure of the sugar beet seedling to the effect of
A. chroococcum F8/2 resulted in 53.24% increase in the
fresh weight (Table 4), but not statistically significant
increase in dry weight. Such effect can be the result of
better water uptake enabled by promoted development
of conductive tissue.

Beneficial effects of the A. chroococcum F8/2
mechanisms on the internal sugar beetroot tissues at
the early stages of its development

According to beetroot micromorphological measurements
(Table 5), the A. chroococcum inoculation treatment did
not reveal substantial differences in the total root area and
maximum root diameter, as well as the area of the cortical
region, probably as a consequence of the higher proportion
of cortical region in the whole root compared with vascular
tissue. Contrary to that, A. chroococcum inoculated roots
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bring up the following beneficial points: compared with con-
trol roots, there was a significant increase in the whole area of
primary and secondary xylem, which means the area of
vessels, compared with a significant increase in the mean
area of vessels. Only in two studies (El-Afry 2012; Hegazi
et al. 2015), in the case where coriander stem and wheat
leaves were inoculated by A. chrocooccum and Pseudomonas
sp., the similar results were recorded. El-Afry (2012) noticed
an increase in leaf xylem vessel diameter in inoculated wheat,
while Hegazi et al. (2015) recorded an increase in stem xylem
diameter as well as thickness of phloem tissue and vascular
bundle width compared with the control coriander plants.
The mechanism of xylogenesis in roots is of specific interest

5656.45 + 877.21 ™

MAPC
5261.00 + 1041.39
Note: ns-not significant at 5% level of probability; * significant at 5% level of probability; + standard deviation; n = 10 except in mean area of the 10 parenchyma largest cells and vessels as well as the number of parenchyma cells (where were

MAV18 (um)
691.84 + 128.87
852.19 + 152.63*

8% because it determines the diameter of xylem vessels, which
EIRC are central to the efficiency of water and nutrient transport
o4k from roots to the leaves and may strongly determine plant
§ é § growth and yield (Sorce et al. 2013). Among root micromor-
L] phological traits, larger xylem vessels and their cross-sec-
T tional areas were positively associated with nutrient
availability and uptake rates (Comas et al. 2002; Bowsher
o et al. 2016) as well as high hydraulic conductivity (Solar
N g 2 et al. 2006), which may be particularly important for water
2 i and nutrient transport. Considering that Azotobacter
E’E improves the availability of iron, potassium, and nitrogen

o~ N

(Table 1), the observed effects could be reasons for improved
nutritional status. This indicates that A. chroococcum inocu-
lated roots could evolve high nutrient concentrations and
high water transport capacity, supporting fast metabolic
rates of the plants. Also, several plant growth regulators,
such as auxin (IAA), gibberellins mainly together with
auxin, cytokinins, brassinosteroids, etc. have a crucial role
in the promotion of root overall growth, cambium division,
and differentiation in primary and secondary vascular tissues
and development, mainly xylem (Sorce et al. 2013; Bhalerao
and Fischer 2014; Immanen et al. 2016). Based on micromor-
phological analysis (Table 5), it could be that a higher con-
centration of TAA intends to stimulate cambium through
enhanced cell division and xylem differentiation in A.chroo-
coccum treatment compared to the control plants. The IAA
has a role in increasing the incorporation of the radioactive
isotope of carbon (known as carbon-14) into the cell wall,
which is important during the root maturation stage when
there is secondary wall apposition and lignification of cell

APSX (um)
121,246.72 + 20,858.11
155,545.80 + 22,738.34*

1,157,463.43 + 153,599.60 "™

ACR (pm?)
1,155,360.32 + 132,456.04
minimum of 90 measurements), RD-root diameter, TRA-total rrot area, ACR- area of cortical region, APSX-area of primary and secondary xylem, NoP-Number of parenchyma cell, MALPC10-Mean area of the 10 largest parenchyma cells, MAV10-

e walls in xylem tissue, a phase known as cell differentiation
§§ “ (Sorce et al. 2013; Johnsson et al. 2019). Contrary to pre-
~32 E] vious, auxins are also known to inhibit primary root growth
~N o
s 5o g by limiting cell elongation (Vaseva et al. 2018), an effect that
AR S is most likely mediated by ethylene, which has been observe
L E88 S i t likely mediated by ethyl hich has b b d
s £ E % in both roots and shoots (Vanstraelen and Benkova 2012).
5 RN 5 The additional exogenous auxin of A. chroococcum F8/2
= |7~ 2 has an impact on the higher rate of xylem differentiation
o © . . .
= = and its growth compared with control beetroots. An increase
o n (] . . . . . . 1l
B s = in auxins (with or without ethylene increase) could inhibit
= z g § g overall cell expansion in the cortical region both in control
13|35 = and inoculated roots. A. chroococcum F8/2 showed the capa-
525 § E] bility to decrease the concentration of the ethylene precursor
o |32 E ACC, which was previously shown to inhibit root cell
é - elongation (Staal 2011). Our results could also be confirmed
g s by an investigation given by Vaseva et al. (2018), where it was
g - E found that ethylene restricts plant growth by its effect on
S8 £ s auxins in the epidermal and neighboring cortical cells,
2 £ £3 g suggesting that ethylene is capable of inhibiting the growth
o

clElS 2 of the expanding root cells.



Conclusion

The role of an active mediator in the nutritional cycle of N, K, Fe,
participation in phytohormone modulation, as well as the pro-
motional effect of synthesized VOCs, confirmed the superior
PGPR properties of A. chroococcum F8/2. The early establish-
ment of the plant-microbe interaction during sugar beet bio-
priming showed beneficial effects on the structural changes at
the level of root parenchyma and promoted germination. To
the authors’ best knowledge, our study represents the first report
on micromorphological examination concerning the early root
growth of sugar beet inoculated with Azotobacter. We got evi-
dence that inoculation with A. chroococcum F8/2 raises nutrient
availability and its transport through a significant increase in the
primary and secondary xylem area and vessel size.

Therefore, as a biopriming agent, it could contribute to
solving some of the problems inherent in the intensive pro-
duction of sugar beet. Obtained results indicate that
A. chroococcum F8/2 could be used as an element of a sol-
ution for specific challenges in modern agriculture.
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