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Abstract 

Since abiotic and biotic factors can compromise the survival of bacteria and their viability, encapsulation of cells 
in biodegradable gel matrices, a biological macromolecule, is one alternative to have their shelf life extended. 
Here, it was developed a gel-based formulation of the bioinoculant Azospirillum brasilense strain AbV5 and 
determined the effect of trehalose and humic acid supplementation in viability and survival of bacteria. For each 
2 ml of sodium alginate solution (3%), 1 ml of the inoculum was extruded in a solution containing sodium 
alginate complexed with calcium chloride, forming calcium alginate beads. Supplements were used in a ratio of 
2:2:1. Treatments were peat; alginate; alginate + humic acid; alginate + trehalose 0.1 M; alginate + trehalose 1 M. 
Morphometric aspects, survival rate and viability were determined in 9 storage periods (3, 5, 7, 14, 21, 30, 45, 60, 
90 days). As results, beads were able to sustain the growth of A. brasilense for 90 days. Shelf life quality 
decreased in all treatments and peat remained the best carrier. Encapsulation, despite promoting the greatest 
losses in the survival of bacteria in the first days, ensured better cell viability. Trehalose in low concentrations 
(0.1M) improved cell viability during storage, optimizing plant inoculation. 

Keywords: additives, encapsulation, inoculants, survival and viability 

1. Introduction 

World food production is based on the extensive use of chemical fertilizers, which not only pollute the 
environment but also are expensive due to their non-renewable sources like fossil fuels, used in their exploitation, 
transportation and application (Schoebitz, López, & Roldán, 2013). Therefore, eco-friendly and economical 
alternatives have been increasingly demanded. Among some of these alternatives, plant-growth promoting 
bacteria (PGPB) are sustainable and low-cost biofertilizers, but need specific formulation when used in 
agronomical practices (Malusa & Vassilev, 2014). 

Biofertilizers as inoculants must have 3 fundamental characteristics: to promote bacterial growth; to keep the 
cells viable for a certain period of time and to release a minimum population of bacteria, which will certainly be 
associated to plants (Yoav Bashan et al., 2014; Shcherbakova et al., 2018). Microbial survival after soil 
inoculation depends on both abiotic and biotic factors. The population of the inoculated bacteria declines 
progressively over time, preventing the accumulation of a bacterial pool in the rhizosphere sufficient to promote 
beneficial effects (Yoav Bashan, 1998; Sivakumar, Parthasarthi, & Lakshmipriya, 2014). 

Nutritional conditions, humidity, temperature, and pH of soil solution are factors that compromise the survival of 
bacteria in the rhizosphere. In addition, the survival of the inoculated bacteria depends to a large extent on the 
availability of a specific niche in which competition for nutrients or substrates does not exist. It also depends on 
the resistance to predation and/or on the mutualistic coexistence with the native microflora, generally more 
adapted (Reetha, Kumaresan, & John Milton, 2014; Schoebitz et al., 2013). Peat is the most common carrier 
used in the inoculant industry and it is widely recommended to several plant crops (Yoav Bashan et al., 2014). It 
has a large water adsorption capacity, promoting a favorable microenvironment to cell growth and maintenance 
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(Kaljeet, Keyeo, & Amir, 2011). However, it has as disadvantages little protection to the stresses caused by 
storage and environmental stresses caused to the bacteria after inoculation (Yoav Bashan, 1998). 

Alternatives that aim the improvement of viability of bacteria and extension of shelf life are important for the 
emergence of a greater number of types of inoculants that combine with different bacterial species and methods 
(see review Berninger, Mitter, & Preininger, 2016). One of the most successful, safe and effective methods to 
add bacteria to the soil is by encapsulation of cells in biodegradable gel matrices (Cassidy, Lee, & Trevors, 1996; 
Vassilev et al., 2015). The hydrogel is formed by the interaction between sodium alginate and Ca+2 ions via the 
ionotropic gelation mechanism (Burey, Bhandari, Howes, & Gidley, 2008). Alginate is a natural polymer 
composed of β-(1→4)-linked D-mannuronic acid and α-(1→4)-linked L-guluronic acid, both produced by brown 
algae (Macrocystis pyrifera), as well as by bacteria (Pseudomonas sp and Azotobacter sp) (Hay, Rehman, 
Ghafoor, & Rehm, 2010; Nehra & Choudhary, 2015). 

The addition of supplements in the encapsulation procedure could optimize the survival and release of bacteria 
from the inoculant. Humic acid of high molecular weight and colloidal appearance has been efficient in 
improving the survival of encapsulated microorganisms (Reetha et al., 2014; Young, Rekha, Lai, & Arun, 2006). 
Trehalose, in turn, is a disaccharide that can be used as source of energy and as protector against dehydration. 
Trehalose can increase the viability of freeze-drying cells as 70% of them survived after drying (Leslie, Israeli, 
Lighthart, L. Crowe, & J. Crowe, 1995), compared to other adjuvants (Pereira, Oliver, Bliss, L. Crowe, & J. 
Crowe, 2002). Nevertheless, the effect of trehalose and humic acid on the survival and viability of alginate 
encapsulated cells, in a short period of storage, remains unknown.  

The objective of this paper was to develop the gel-based formulation of the bioinoculant Azospirillum brasilense 
strain AbV5 and to determine if trehalose and humic acid can effectively enhance the viability and survival of 
bacteria along storage period.  

2. Method 

2.1 Encapsulation and Gel-based Bioinoculant Formulations 

A. brasilense strain AbV5 was maintained by continuous cultivations in NFb Lactate solid medium at 28 °C. The 
pre-inoculum was prepared by transferring a bacteria colony into a 5 mL of NFb Lactate medium at 32 °C in a 
shaker incubator. After 24 h, 1 mL of pre-inoculum was transferred to 50 mL of NFb-Lactate medium, 
constituting the inoculum, which had been maintained under the same conditions as described before. The log 
phase of cell growth was measured by turbidimetry at 600 nm. 

The encapsulation of A. brasilense cells in beads was performed according to the protocol proposed by Reetha et 
al. (2014) with modifications. The proportion was 2:1 in order to obtain beads (for each 2 mL of sodium alginate 
solution (3%), 1 mL of the bacterial suspension was added). The ratio was 2:2:1 when the supplement was used. 
To avoid fungal and other bacterial contamination, Maxim’sTM (0.01% v/v) and nalidixic acid (20 μg mL-1) 
were added. 

Before extrusion, the mixture was kept under gentle stirring for 30 min in sterile conditions for complete 
homogenization. The mixture was extruded through a Pasteur pipette into a beaker containing sterile 0.1 M 
CaCl2 solution, under gently stirring at room temperature. The macrobeads were maintained in CaCl2 solution 
for 2 h so that solid beads of homogeneous size could be formed. The CaCl2 solution was drained and the beads 
washed twice with sterile water. After washing, the beads were incubated in NFb-Lactate liquid medium for 24 h 
in a shaker at 120 rpm and 32 °C to allow bacteria to multiply inside them. Afterwards, the beads were washed 
again twice with autoclaved distilled water, collected and left under air stream for 30 min. Aliquots of 
approximately 7 g of beads each were packed into 3 mm-thick plastic bags. In total, 30 packets of beads were 
made from each treatment. 

Innocuous peat (Nitro1000TM) served as control, where 30 packets of 7 g were inoculated with 1 mL of peptone 
solution containing A. brasilense (109 CFU mL-1). All packages or aliquots containing the different formulations 
were stored in a dry place in the dark and at a temperature of 21±2 °C.  

The experimental design was entirely randomized with 5 different formulations tested (peat; alginate; alginate + 
humic acid (0.8%); alginate + trehalose 0.1M; alginate + trehalose 1M). For each treatment the survival and 
viability (CFU mL-1) of A. brasilense cells were evaluated at 9 different storage periods (3, 5, 7, 14, 21, 30, 45, 
60, 90 days of storage) in triplicate, totalizing 27 packets for these evaluations until the last day. The 90 days 
were chosen because is the maximum period that usually farmers maintain inoculants stocked before sowing. 

Beads were diametrically measured (mm) with a graduated ruler and weighted (mg) in an analytical balance in 
triplicate after the encapsulation of the bacterial cells.  
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2.2 Electronic Scan Microscopy (SEM)  

External surfaces of the spheres were scanned using the Scanning Electron Microscope (SEM) technique (FEI 
Quanta 440). The bead-shaped samples were subjected to fixation with 0.2M sodium cacodylate buffer (pH = 
7.2), followed by dehydration with increasing concentrations of ethanol (50% for 15 min, 60% for 15 min, 70% 
for 15 min, 80% for 15 min, 90% for 15 min and 100% for 15 min). After dehydration, the supernatant was 
discarded and the beads received 1.5 mL of cool acetone. Samples were placed on the sample set, which 
contained a double-sided carbon tape, and were subsequently dried and metallized with a thin layer of gold on 
the surface so that a photo could capture.  

2.3 Evaluation of the Survival of Viable Cells or Microbial Counting 

Three packages containing aliquots of beads from each treatment in different periods of storage were analyzed. 
From each aliquot, 10 beads were taken and dissolved in a falcon tube containing 10 mL of potassium phosphate 
buffer (0.25 M, pH 6.8±0.1). The tubes were kept in a BOD incubator for 16-24 h at 30±2 °C. After this period, 
and for complete solubilization of beads, tubes were shaken for 1 min in a vortex. Serial dilutions (10×) and 
plating were performed following the protocol of Romeiro (2001) that is by counting bacterial colonies that were 
visible on nutrient agar plates after 24 h of inoculation. 

2.4 Efficiency of Encapsulation 

It was proposed to measure the encapsulation efficiency by the ratio between the log-UFC mL-1 obtained at the 
inoculation day (day 0) and the log after encapsulation (1st day). 

2.5 Viability and Release of A. brasilense After Inoculation of Wheat Seeds 

In vitro assay was performed with 40 wheat seeds (cv CD 104) in each treatment. Seeds were washed according 
to a protocol suggested by Neiverth et al. (2014). Subsequently, they were placed in agar-water medium at 30±2 
ºC and kept there for 3 days for complete germination. At the 4th day, the inoculum was prepared with 20 beads 
diluted in 3 mL of potassium phosphate solution (0.25 M, pH 6.8±0.1). Around 20 pre-germinated wheat seeds 
were immersed in the inoculum for 3 h at 30±2 °C. Test tubes containing 25 mL of distilled water and 5 cm of 
polypropylene pellets were prepared to support the inoculated seeds. Each pre-germinated and inoculated seed 
was transferred to the test tubes, randomly arranged under a photoperiod of 16 h/8 h of light/dark, respectively, at 
temperature of 25±2 °C, where the seeds stayed for 7 days.  

2.6 Counting of Epiphytic Bacterial Population 

The epiphytic bacterial population was evaluated after 7 days of inoculation. Three plants had their roots washed 
3 times with distilled and autoclaved water, placed in tubes containing NaCl solution (0.9%) and sonicated for 20 
s. Serial dilutions (10×) and plating followed the protocol of Romeiro (2001). The plates were kept at 30±2 °C 
for 48 h. The evaluation was done in triplicate. The colony-forming units (CFU) obtained were counted using a 
stereoscopic magnifying glass (Quimis). 

2.7 Molecular identification of A. brasilense 

The epiphytic bacteria were detected using PCR amplification of a 648 bp region belonging to A. brasilense 16S 
rDNA region, with the primers Azo16SF (5’-GCGGTAATACGAAGGGGGCK-3’) and Azo16SR 
(5’TTGTCACCGGCAGTTCCACCAG-3’) (Shime-Hattori et al, 2011). Bacterial samples were collected 
randomly at the encapsulation day (1st day) and from the epiphytic sampling, taking into consideration the period 
of storage (3, 5, 7, 14, 21, 30, 45, 60, 90 days of storage).  

One single bacterial colony, obtained after growth in NFb-L medium, was transferred to a PCR microtube and 
resuspended in 20 μL of ultrapure water. Cells were lysed through heating at 96 °C for 6 min. The supernatant 
was separated from the cell lysate by brief centrifugation. PCR was performed in a volume of 20 μL using 2 μL 
of DNA, 1× PCR Buffer, 1.5 mM MgCl2, 0.4 mM dNTP mix, 1 unit of Taq DNA Polymerase (4G Research and 
Development), and 0.2 μM of each primer. The reaction was conducted in a Bioer Life Express model MJ96 
thermal cycler, with cycling conditions as follows: initial denaturation at 94 °C for 3 min, followed by 25 cycles 
of 94 °C for 30 s, 58 °C for 1 min, 72 °C for 1 min, with final extension of 72 ºC for 5 min. PCR products were 
visualized in  agarose gels 1.5% stained by 0.5 μg mL-1 ethidium bromide in 1× TBE Buffer (90 mM Tris-base; 
90 mM boric acid; 2 mM EDTA pH 8.0) and photo documented with the equipment Loccus Biotechnology 
model L.PIX. The standard molecular weight of 100 bp (NorgenTM) was used.  

 

 



jas.ccsenet.

2.8 Statisti

The colon
Office Exc
test (p < 0
3). 

Individual
outcomes 
variables. 

3. Results

3.1 Morph

The encap
preserving

 

Figure 1. 
0.1M; 4. A

 

The morph
shape, with
the protoco

Beads wei
enriched a

The effici
efficiency,

3.2 Surviva

All treatm
mL-1. How

org 

ical Analysis 

ny forming uni
cel. Data were 
0.05), by the st

 analyses of p
of the treatme
Statistical sign

  

hometric Aspec

psulated beads
g the color and 

Morphologica
Alginate + Tre

hometric data 
h their diamete
ol used was ef

ighted from 1
alginate beads (

ency of encap
, compared to c

al of A. brasile

ments in this ex
wever, at the fir

its (CFU) data
submitted to a

tatistical progr

polynomial reg
ents, assuming 
nificance of β1

cts of the Bead

s remained wit
shape until th

al aspects of be
ehalose 1M. A

C. Cont

obtained at the
er measured in
fficient to gene

7 to 38 mg. W
(Table 1).  

psulation rang
control (algina

ense in Beads 

xperiment wer
rst day (day 0)

Journal of A

a were transfor
analysis of var
ram GENES (

gression were c
time of storag

1 and β2 coeffi

ds Produced 

th the same m
he 90th day (Fig

eads. 1. Algina
: External surf
tre-jour picture

e 1st day after 
ndividually. Th
erate beads of u

Weight decreas

ged from 40-6
ate) (Table 1).

of the Differen

re planned to s
) the concentra

Agricultural Sci

272 

rmed into log 
riance (ANOVA
(Cruz 2006). T

carried out in 
ge and surviva
icients were es

morphological 
gures 1A-1D). 

ate; 2. Alginate
face, increase o
e; D. Incident 

encapsulation
he mean size ra
uniform size.

sed when treh

61%. Trehalos

nt Formulation

start with the 
ation of the ba

ience

(base 10) for 
VA) and the me
The data were 

the statistical 
al and viability
stimated by the

appearance th
 

e + Humic Aci
of 120×; B. Int
light. Bar-5 m

n are shown in 
anged from 3.3

halose was add

se (1M) decre

ns  

inoculum cont
acterial populat

comparison u
eans were comp

expressed wit

program GEN
y (within epiph
e F-test (p ≤ 0.

hroughout the 

id 0.8%; 3. Alg
ternal surface, 

mm 

Table 1. The b
3 to 4.3 mm, w

ded and increa

eased 15-20% 

taining a popu
tion observed 

Vol. 11, No. 6;

using the Micr
pared by the T
th a mean±SD

NES to evaluat
hytic populatio
05).  

evaluation pe

ginate + Treha
 increase of 12

beads had sphe
which confirms

ased in humic

 the encapsul

ulation of 109

was approxim

2019 

rosoft 
Tukey 

(n = 

te the 
n) as 

eriod, 

lose 
20×; 

erical 
s that 

acid 

ation 

CFU 
mately 



jas.ccsenet.

1012 CFU 
recommen
Reetha et a

 

Table 1. M

Treatmentsa

Peat 
Alginate 
Alginate + H
Alginate + T
Alginate + T

Note. aTre
encapsulat

 

The treatm
bacteria gr
of evaluati
week befo
mL-1).  

In the exp
encapsulat
beads was 

 

Figure 2. 
Humic A

org 

mL-1 in all tre
nds that the sol
al. (2014) obse

Morphometric a

a 

Humic Acid 
Trehalose 0.1M 
Trehalose 1M 

eatments follow
tion).  

ment with pea
rowth with this
ion (Figure 2A

ore. The bacter

eriment with a
tion did not p
12% lower co

Survival of A.
cid; C. Algina

5

eatments (Tabl
lution should b
erved an initial

and encapsulat

Weight (mg)

- 
38±3.78 a 
32±0.57 ab 
17±1.52 c 
30±2.64 b 

wed by differe

at also generat
s carrier as we

A), except for t
ria population 

alginate, viabl
revent cell gro

ompared to the

. brasilense on
te + Trehalose
%. Peat was u

Journal of A

le 1). This incr
be gently shak
l population in

tion efficiency 

) Diameter (m

- 
4.30±0.57 a
3.70 ±0.57a
3.30 ±0.59a
4.00±0.85 a

ent letter diffe

ted an initial 
ell. Neverthele
the 14th day, w
at the end (90

e bacterial cel
owth (Figure 

e first day (5 ×

n different carr
e 0.1M; D. Alg
used as control.

Agricultural Sci

273 

rease may be 
ken for extra 30
ncrease of abou

 analyses 

mm) E.E. (%)b

- 
59 
56 
61 
40 

r significantly

population of 
ss, a small dec

when the CFU 
0th day) was 3

lls were observ
2A). At the 9
107 CFU mL-

 

  

riers matter dur
ginate + Trehal
. CFU is given

ience

explained by t
0 min after the
ut 1000 times. 

Survival (C
(1012)/(Log)

6.43/12.80
7.86/12.90
7.86/12.90
7.10/14.70
6.43/12.80

y by Tukey tes

f 1012 CFU m
crease was obs
mL-1 was arou

36% lower tha

ved in all stora
90th day, the p

1). 

ring storage pe
lose 1M. * Tre
n as multiple o

the protocol im
e mixture com

 

CFU mL-1) 
)-Initial 

Vi
(10

1.0
7.8
7.8
7.8
1.0

st (p < 0.05). 

mL-1, demonstra
served at the 1
und 12% highe

an the initial on

age periods, w
opulation of b

eriod. A. Algin
atments differ 
f 109 mL-1 

Vol. 11, No. 6;

mplemented, w
mponents are ad

ability (CFU mL-1

012)/(Log)-Initial

07/8.95 
86/9.85 
86/9.85 
86/9.85 
07/8.95 
bE.E (efficienc

ating a contin
st until the las
er in relation t
ne (2.8 × 109

which indicates
bacteria in alg

nate; B. Algina
by Tukey test 

2019 

which 
dded. 

1) 

cy of 

nuous 
t day 

to the 
CFU 

s that 
ginate 

 

 

ate + 
P > 



jas.ccsenet.

Humic ac
population
3 days of 
correspond

Trehalose 
encapsulat
right after 
the encaps
trehalose w
h of storag
(0.1M) sup
lower than

The highe
bacteria un
in this disa
so did the 
of peat´s b

3.3 Viabili

The viabil
which the 

In all treat
Peat presen
decrease o
the wheat 

 

Figure 3. V
Humic Ac

org 

id induced ou
n found in the 
storage, micro
ding to 55% of

was tested in
ted microbiota
the 1st day of

sulated bacter
was added was
ge, there was a
pply was over

n the one found

st concentratio
ntil the 21st day
accharide, whi
survival of ba

bacterial popul

ity of A. brasile

ity of A. brasil
bacteria that tr

tments, encap
nted a populat

of 22% on the 
roots was 109 

Viability of A. 
cid; C. Alginate

utcome simila
cells encapsul

obial populatio
f the bacterial 

n 2 different 
a (Figures 2C-2
f storage, prob
ria (Figure 2C
s confirmed by
a sharp fall (4
r after the 3rd 
d in peat.  

on of trehalose
y of storage (1
ich is used by 
acteria. After 3
ation. 

ense During th

lense after the 
ruly associated

sulation demo
tion ranging fro
7th day after t
CFU mL-1 (Fi

 brasilense on
e + Trehalose 0

as con

Journal of A

ar to the one 
lated with hum
on increased 27
population in p

concentrations
2D). At the low
bably because 
C). A higher c
y EDS (Energ

41%) of the CF
day of storag

e (1M) (Figure
14% higher). T
bacteria as sou

3 months of sto

he Storage Per

encapsulation
d with the whe

onstrated a ben
om 107 to 109

the encapsulat
gure 3A). 

n different carri
0.1M; D. Algin
ntrol. CFU is g

Agricultural Sci

274 

observed with
mic acid was 1
7%. At the end
peat.  

s (0.1 and 1M
west concentra
of a bigger en

concentration 
y-dispersive X
FU compared 

ge. After 3 mo

e 2D) promote
This improvem
urce of energy
orage, the form

riod 

n process and s
eat seedlings—

neficial effect 
CFU mL-1 ove

tion. At the las

 

 

iers matters du
nate + Trehalo

given as multip

ience

h alginate. Af
.53 times lowe
d of the observ

M), which pro
ation (0.1M) g
nergy source in
of carbon in 

X-ray spectrosc
to peat on the

onths of storag

d a significant
ment is explaine
y. However, af
mulation had it

storage was ev
—epiphytic bact

on the epiphy
er the 90 days 
st day of evalu

uring storage p
ose 1M. * signi
ple of 109 mL-1

fter the first 
er than in peat
vation, CFU w

oduced distinc
growth accelera
n addition to th
the encapsula
copy) (data no
e same evaluat
ge, bacterial po

t tendency to i
ed by the high 
fter 21 days, as
ts CFU dimini

valuated throug
teria—were qu

ytic population
of storage. Th

uation, the pop

period. A. Algin
ificative (P > 5
1 

Vol. 11, No. 6;

day, the micr
t (Figure 2B). A
was lower than

ct effects ove
ation was obse
he growth pha
ated medium w
ot shown). Aft
tion day. Treh
opulation was 

increase surviv
concentration

s this rate decl
shed to almost

gh an in vitro te
uantified.  

n (Figures 3A-
his population h
pulation adher

nate; B. Algina
5%). Peat was 

2019 

obial 
After 

n 109, 

r the 
erved 
ase of 
when 
er 72 
alose 
38% 

val of 
of C 

lined, 
t half 

est in 

-3D). 
had a 
ed to 

 

 

ate + 
used 



jas.ccsenet.

Encapsula
in practica
45th day, th
advantage
the last day

When the 
storage pe
rate, after 

The supple
the 21 day
day) of eva

Trehalose 
day of stor
the popula

Molecular
confirmed

 

Figure 4
Bands 1 t

Peat; 2. A
to 11 were

+ Humi

 

The data w
in the func
to obtain a
bacterial s
alginate, a
brasilense

 

 

 

 

org 

ation in calcium
ally all the peri
he population 
s in the use of 
y of evaluation

carrier had h
riod (Figure 3
3 months, was

ementation wi
ys of storage) i
aluation (Figur

at the highest 
rage. After this
ation adhered t

r analyses of t
d the presence o

4. PCR analyse
to 5 correspon

Alginate; 3. Alg
e from bacteria
c acid (21 day

were submitted
ctions of all ev
a performance
survival during
alginate + hum
e (Figure 5A). 

m alginate mat
iods of evaluat
adhered to the

f encapsulation
n.  

humic acid add
B). Although 

s 2.5% lower th

ith trehalose at
in relation to p
re 3C). 

concentration 
s day, the rate 
o the wheat ro

the samples ra
of A. brasilens

es confirming A
nd to samples c
ginate + Humic
a epiphytically
ys); 10. Alginat

d to individual
valuated treatm
e model (Table
g 90 days of 
ic acid and alg
 

Journal of A

trix without su
tion. This popu
e wheat roots 

n. On the other

ded, the popu
the population
han the popula

t 0.1M during
peat. However,

(1M) demonst
of CFU mL-1 d

oots was 12% l

andomly collec
se as deriving f

A.brasilense pr
collected at the
c acid; 4. Algin

y adhered to wh
te+ Trehalose 0

Neg

l and joint ana
ments in order 
e 2 and Figure
storage. Simp

ginate + trehalo

Agricultural Sci

275 

upplements pre
ulation was sim
was 25% high

r hand, the epip

lation of bact
n adhered to ro
ation in peat. 

g encapsulation
, epiphytic pop

trated to have 
decreased to le
lower than pea

cted from the 
from the inocu

resence in sam
e 1st day after e
nate + Trehalo
heat roots: 7. P
0,1M (30 days
ative Control

alyses of regre
to verify if an

e 5). Analyses
ple linear regr
ose 0.1M caus

ience

esented an epip
milar to peat a
her than the on
phytic populat

eria ranged fr
oots increased 

n was more ef
pulation in bea

a potent effect
evels similar to

at (Figure 3D).

epiphytic bac
ulum used (Fig

mples collected
encapsulation; 
se 0,1M; 5. Al

Peat (7 days); 8
s); 11. Alginate

ession, using v
ny variable is 
s confirmed pe
ession equatio

sed significant 

phytic populati
at the 3rd day af
ne found in pe
tion was 2.7% 

rom 108 to 10
9% after 14 d

ffective until th
ads decreased a

t on bacteria v
o peat. On the 
  

cteria attached
gure 4). 

d in different pe
M. Molecular
lginato + Treh
8. Alginate (14
e + Trehalose 1

viability and su
significant wit
eat as the best
ons showed th
decrease in th

Vol. 11, No. 6;

ion superior to
fter storage. O

eat, which indi
lower than pe

09 CFU mL-1 a
days of storage

he 45th day (ex
at the last day 

iability until th
90th day of sto

d to seedlings 

 
eriods of stora

r Ladder 100pb
alose 1M; Ban
4 days); 9. Alg
1M (90 days); 

urvival as vari
thin treatments
t option to sup

hat treatments 
he survival rate

2019 

o peat 
n the 
cates 
at on 

along 
, this 

xcept 
(90th 

he 7th 
orage, 

roots 

age. 
b; 1. 
nds 6 
inate 
C. 

ables 
s and 
pport 
with 

e of A. 



jas.ccsenet.

Figure 5
function o

 

On the oth
decrease v
trehalose 1

 

Table 2. Jo

Treatments 

Peat 

 
Alginate 

 

Alginate +Hu

 

Alginate + Tr

 
Alginate + T

 

Joint regressi

Note. *Sig

org 

5. Projection of
of evaluated tr

her hand, whe
viability after 6
1M did not pre

oint regression

Re

Y =

Y =

Y =

Y =

umic Acid Y =

Y =

rehalose 0.1M Y =

Y =

Trehalose 1M Y =

Y =

ion No

gnificative at 5

f individual an
reatments. * an

en only alginat
60 days of stor
esent significan

n analysis for v

Su

egression Model 

= 9.31615385 – 0.0

=10.3240404 – 0.0

= 8.85 – 0.02386X2

= 8.77 – 0.0178X –

= 9.04 – 0.0441X 

= 9.11 – 0.0499X +

= 8.88 – 0.0381X 

= 9.42 – 0.0819X +

= 7.93 – 0.035X 

= 7.65 – 0.0122X –

o ajust 

%. 

Journal of A

nd joint regress
nd **indicate s

ns indica

te was used as
rage (Figure 5B
nt equations of

viability and su

urvival (CFU mL-1

00492308X 

858X + 0.0009X2

2 

– 0.00007X2 

+ 0.000064X2 

+ 0.00049X2 

– 0.00025X2 

Agricultural Sci

276 

sion for surviv
significant diff
ate no signific

s carrier (p-va
B). The treatm
f A. brasilense

urvival variable
1) 

R2 (%) p-value

1.57 0.7631

36.55 0.1562

50.87 0.0461*

51.14 0.8688

74.98 0.0057*

75.08 0.8846

70.28 0.0095*

77.91 0.2454

42.02 0.0805

43.48 0.7315

  

ience

val (A) and via
ference at P <
ant 

alue 0.0497), t
ments with algi
e viability. 

es as a functio

e Regression M

Y = 7.56 + 0.0

Y = 7.59 + 0.0

* Y = 8.56 + 0.0

Y = 7.99 + 0.0

* Y = 8.36 + 0.0

Y = 8.44 – 0.0

* Y = 7.91 + 0.0

Y = 8.078 + 0

Y = 8.81 – 0.0

Y = 8.97 – 0.0

Y = 8.21 + 0.0

 

 
ability (B) of ba

0.05 and P < 

the results sho
inate + humic 

n of all evalua

Viability (CFU

Model 

0172X 

0152X + 0.000022

0084X 

0543X – 0.00051X

00593X 

00055X + 0.000072

0198X 

0.0063X + 0.00015

0049X 

0177X + 0.00014X

011X – 0.000025X

Vol. 11, No. 6;

acterial cells a
0.01, respectiv

owed a tenden
acid and algin

ated treatments

U mL-1) 

R2 (%) p-v

62.88 0.0
X2 62.94 0.9

18.90 0.2

X2 65.00 0.0

18.97 0.2

2X2 20.83 0.7

83.22 0.0

X2 86.41 0.3

2.80 0.6

X2 4.35 0.7

X2 99.52 0.0

2019 

s a 
vely. 

cy to 
ate + 

s 

value

0188
9247

2819

0497*

2810

7421

0018*

3290

6921

7819

0000



jas.ccsenet.org Journal of Agricultural Science Vol. 11, No. 6; 2019 

277 

4. Discussion 

To promote bacteria survival and viability is the main challenge for the inoculation technology, once shelf life is 
influenced by several parameters: bacterial species, culture medium, physiological condition of the 
microorganisms, dehydration process, storage temperature and water concentration in the inoculum (Schoebitz et 
al., 2013; Sivasakthivelan & Saranraj, 2013). 

In order to bacteria function as promoters of plant growth, they must reach the root, survive for a certain period 
of time to associate with plants, and compete with other bacteria in the rhizosphere. Therefore, formulations 
should provide protection to bacteria longevity (Vassilev et al., 2015). 

In relation to the morphological appearance, some beads exhibited striations, agreeing with other authors who 
observed grooves in the surface of the encapsulated beads (Berninger et al., 2016). The humic acid beads 
presented dark spots, probably caused by deposition of the humic acid or other impurities. The wrinkled aspect, 
originated from invaginations, could explain the weight gain in some treatments. This result corroborates with 
those obtained by other authors who observed by microphotography a wrinkled and grooved area (Bashan, 
Carriers, & Bashan, 1986; Sivakumar et al., 2014). The formulation of alginate enriched with humic acid 
presented higher porosity, similar to what Young et al. (2006) found. On the other hand, the treatment using 
trehalose formed beads of smoother appearance, without invaginations, which would explain their lower 
weights.  

(Ivanova, Teunou, & Poncelet, 2005) reported another protocol in which the beads size ranged from 1 to 5 mm, 
and observed that by increasing the spheres size, bacteria survival enhanced 36%. Reetha et al. (2014) obtained 
encapsulated particles of smaller size (1.3 to 3.2 mm) and lower weight (0.5 to 10.3 mg) compared to our data, 
which is explained by the type of pipetting instrument used during the extrusion of the inoculum. 

In the literature, different concentrations of microorganisms in inoculant formulations (CFU mL-1) are reported: 
109 (Reetha et al., 2014); 1010 (Young et al., 2006); 106 (Marcelino, Milani, Mali, Santos, & Oliveira, 2016); 103 

(O’Callaghan, 2016). Encapsulation demands high population density during inoculation in order to ensure the 
minimum population desired. Shah-Smith and Burns (Shah-Smith & Burns, 1996) reported a population of 6 × 
107 CFU mL-1 after inoculation of seeds using a cell density of 2 × 1010 of Pseudomonas putida.  

Study by Amiet-Charpentier, Gadille, Digat, and Benoit (1998) showed that alginate matrix was not toxic or 
incompatible with Pseudomonas cells. However, in all treatments the CFU mL-1 decreased significantly 24 h 
after encapsulation. This evidence suggests that extrusion caused a harmful or stressing effect on the bacterial 
population encapsulated (Figures 2A-2D). After 48h of encapsulation, alginate motivated a sharp decline in the 
CFU of about 44% in relation to the 1st day (Table 1) and 35% compared to peat during the same period. This 
result corroborates the research by Ivanova et al. (2002) who observed greater decrease in the initial phase, after 
extrusion (7 days). Bashan et al. (2002) observed that the microencapsulation process affects the survival of 
bacteria due to the cross-linking of the alginate-calcium complex with the cell membrane of the bacteria, killing 
many of them.  

Among all formulations, peat demonstrated the best capacity in maintaining bacterial survival throughout storage 
period. According to Kaljeet et al. (2011), peat was the only carrier that maintained 107 CFU mL-1 of rhizobia for 
up to 8 weeks of storage. Our results are distinct from those obtained by Reetha et al. (2014), who observed a 
reduction in the microbial population of around 57% in only 6 days of evaluation, but it shifted after 90 days, 
when the population increased to 10 × 109 CFU mL-1.  

Young et al., (2006) had also tested alginate supplemented with humic acid, but did not detect loss of microbiota 
(2 × 108 CFU g-1 of beads) after 24 h of encapsulation or even after 5 months of storage. The great difference 
between their data and ours can be partially explained by the instrument they used during the extrusion, a 
26-gauge needle, smaller than one used in this work, thus forming much smaller beads (1 to 2 mm). Smaller 
beads would be preferable for their survival than the larger ones.  

In a similar protocol, but with a concentration of 2.5% of sodium alginate, humic acid promoted a smaller 
reduction in the CFU mL-1 of A. lipoferum (Reetha et al., 2014). The authors reported that the beneficial effect 
occurred because humic acid increased porosity, enhancing oxygenation and access to nutrients, facilitating 
cellular metabolism within the beads. 

O’Callaghan (2016) reported that the greatest benefits of supplements in the encapsulation formulations are to 
provide the bacteria better life conditions to withstand stresses as well as to improve cell vigor. However, data 
did not show improvement of CFU during periods longer than 3 weeks of storage compared to peat.  
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The best performance of peat regarding cell survival and viability after 90 days of storage can be explained by its 
high moisture holding capacity, since there may have been loss of water during encapsulation (Kaljeet et al., 
2011). The calcium alginate matrix, on the other hand, is rich in water (97-98%), meaning that it would fail to 
provide cell protection, stated Bashan et al. (2002). Schoebitz et al. (2013) demonstrated that the addition of 
starch to alginate reduced the water concentration to 65% and improved significantly bacterial survival. Another 
factor that could explain the success of peat as carrier is that it provides better oxygenation. The inconvenience, 
however, is the great rates of contamination: without nalidixic acid and fungicide, it was not possible to carry out 
the evaluations using peat as control. 

Results of viability (CFU mL-1) polynomial regression analyses showed that all treatments can be represented by 
the common regression equation (Y = 8.21 + 0.011X – 0.000025X2, Figure 5B). The treatments with peat 
(p-value 0.0188) and alginate + trehalose 0.1M (p-value 0.0018) showed linear increases in viability, and the 
combination of alginate + trehalose 0.1M presented the highest mean value of viability, suggesting a positive 
effect of this disaccharide in helping encapsulated cells become vigorous until reaching the rhizosphere and 
associate with plants. The results obtained with trehalose at low concentrations (Figures 2C and 5B) can open up 
the potential for new formulations using some PGPB strains that strive to survive, even without encapsulation. 

Medium and higher concentrations of trehalose in inoculants formulations should be tested to check possible 
improvements in bacterial survival. The positive results of increase in cell survival and viability, found in the 
formulations with trehalose mainly right after encapsulation, confirm the protective effect of trehalose on 
proteins and components of the cell membrane at the initial phase of bacteria growing inside the beads (Leslie et 
al., 1995). 

5. Conclusions 

The gel-based formulation of Azospirillum brasilense developed with sodium alginate (3%) was competent to 
produce beads of uniform size that sustained bacteria growth and viability along 90 days of storage. Peat was the 
best carrier to support bacteria survival. Encapsulation in a gel matrix provided higher cell viability, mainly 
when low concentration (0.1M) of trehalose was added. These findings can optimize plant inoculation. 
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