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Abstract

Nitrogen is a key nutrient for soybean cropping and can be fully supplied by
the biological nitrogen fixation (BNF) process. Inoculation with elite Bradyrhizo-
bium strains greatly improves the supply of N to soybean; however, inoculation
of large areas in short-sowing windows delays the sowing process, demanding
the development of technologies for pre-inoculation. Here we report the evalu-
ation of a liquid formulation containing cell protectors that proved, in four field
experiments located in different edaphoclimatic conditions of Brazil, symbiotic
performance comparable to the peat-based inoculant, traditionally considered as
the best carrier. The liquid inoculant was also effective when applied to seeds not
treated with pesticides 15 days before sowing, providing efficient BNF and time-
flexibility to the farmers. Benefits of the liquid inoculant in improving grain yield
were confirmed in two areas cropped for the first time and devoid of Bradyrhizo-
bium, with an average increase of 89%, and also in two areas traditionally cropped
with inoculated soybean, with an average increase of 6.8%, both in comparison
to the non-inoculated control without N-fertilizers (NI). It is worth mentioning
that, also in comparison to the NI control, the addition of 200 kg N ha~! impacted
grain yield in +54% and —1,8%, in new and traditional areas, respectively, indi-
cating that BNF was more effective than the application of N-fertilizer. Large
increases in total N content in grains were observed as well in response to the
liquid inoculant, on average 47% and 27%, when compared to the NI and NI + N
controls, respectively.

1 | INTRODUCTION

Abbreviations: BNF, biological nitrogen fixation; DAE, days after
emergence; DAS, days after sowing; GW, grain weight; GY, grain yield; The search for sustainable and low-cost technologies to

NCG, N concentration in grains; NCS, N content in shoots; NDW,
nodule dry weight; NI, non-inoculated; NN, nodule number; SDW,
shoot dry weight; TO, time zero, 2 h after inoculation; T15, 15 days after

attend the high demands for food by an ever-growing
population, based on sustainable models, is pivotal. In

inoculation; TNG, total N in grains; TNS, total N in shoots this context, microorganisms play important roles, such
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as in the soybean [Glycine max (L.) Merr.] crop, in which
long-term selection programs identified Bradyrhizobium
spp. elite strains able to fully supply the plantts demand
on N via biological nitrogen fixation (BNF), with no need of
supplying chemical N-fertilizers (Hungria & Mendes, 2015;
Hungria & Nogueira, 2019; Hungria, Campo, Mendes,
& Graham, 2006). Estimates of economic savings with
this technology in Brazil point out to US$ 15 billion per
year (Hungria & Mendes, 2015; Hungria & Nogueira,
2019), in addition to environmental contributions, includ-
ing decreased emissions of greenhouse gases and lower
risk of contamination of surface and groundwater with
nitrate (Hungria & Mendes, 2015; Sd et al., 2017). Other soy-
bean producing countries in South America also benefit
from inoculants carrying elite nitrogen-fixing Bradyrhizo-
bium spp. strains (Chang, Lee, & Hungria, 2015; Hungria
et al., 2006). In 2019 the inoculant market in Brazil was
estimated at 70 million doses per year, more than 90% for
the soybean crop (Santos, Nogueira, & Hungria, 2019), in
addition to about 50 million doses commercialized in other
South American countries.

Soybean cropping has impressively increased in South
America in the last 40 years, e.g. from 6.9 million ha
in the late 1970s to 36.9 million in the 2019-2020 crop
season in Brazil (Conab, 2020). Agronomic practices had
to be adapted to this new scenario, as the sowing win-
dow has become very short, especially because of sowing
anticipation to deal with the Asian soybean rust (Phakop-
sora pachyrhizi), and also to enable a second crop sea-
son, mainly corn (Zea mays), by the end of the wet period
(Embrapa Soja, 2013). Therefore, among the most frequent
demands from farmers, it highlights the search for inocu-
lants that allow cell survival and effectiveness with antic-
ipated inoculation, a practice known as pre-inoculation
(Santos et al., 2019).

Some pioneer studies have shown the feasibility of inoc-
ulation of soybean and other legumes some days prior to
sowing (Deaker, Roughley, & Kennedy, 2004; Herridge,
2008; Peres, Suhet, & Vargas, 1986). However, cell survival
can be much lower than inoculation at the sowing time
(Hungria, Loureiro, Mendes, Campo, & Graham, 2005;
Lupwayi, Clayton, & Rice, 2006). The long-term viability
of cell survival on inoculated seeds depends on adhesives
and cell protectors in the formulation (Hungria et al., 2005;
Santos et al., 2019; Santos, Hungria, & Nogueira, 2017).
Nowadays, some inoculants commercialized in Brazil and
in other South American countries have been used for pre-
inoculation from few (5) to several (60) days (Anguinoni
et al., 2017; Araujo et al., 2017; Machineski, Scaramal,
Matos, Machineski, & Colozzi Filho, 2018; Silva et al., 2018;
Zilli, Campo, & Hungria, 2010); however, in general, the
number of surviving cells at sowing time is far below the
minimum to provide early and effective nodulation, and

Core Ideas

* Soybean can benefit from inoculation with elite
Bradyrhizobium strains.

» Large-scale soybean cropping and short-sowing
window require innovation.

* Aliquid inoculant, as effective as peat inoculant,
was developed.

* Pre-inoculation was feasible 15 days before
sowing.

» Time-flexibility makes inoculation easier for the
farmers.

might impair the nodulation in areas submitted to abiotic
stresses, especially drought.

Pre-inoculation of soybean seeds for as long as pos-
sible periods, keeping the bacterial viability, allows the
farmers to dedicate to the sowing operation, without the
need to deal with the daily inoculation, which is usu-
ally time-consuming and manpower-demanding. There-
fore, there is a demand for liquid inoculants easy to
apply, and with guaranteed effectiveness when seeds are
pre-inoculated. Here we report the results obtained with
a liquid inoculant developed for pre-inoculation for a
period of 15 days, and evaluated in four sites in Brazil,
comprising both traditionally cropped areas with estab-
lished populations of bradyrhizobia, and new-challenging
areas cropped for the first time and devoid of soybean
bradyrhizobia.

2 | MATERIALS AND METHODS
2.1 | Laboratory experiments
2.1.1 | Strains and development of the

inoculant formulation

The Bradyrhizobium spp. strains used in this study are
approved by the Ministry of Agriculture, Livestock and
Food Supply (MAPA) in Brazil for the use in commer-
cial inoculants for the soybean crop: Bradyrhizobium
japonicum SEMIA 5079 ( = CPAC 15, = CNPSo 07) and
Bradyrhizobium diazoefficiens SEMIA 5080 ( = CPAC
7, = CNPSo 06) (Mapa, 2011). The strains are deposited
at the “Diazotrophic and Plant Growth Promoting Bac-
teria Culture Collection of Embrapa Soja” (WFCC Col-
lection # 1213, WDCM Collection # 1054), in Lond-
rina, State of Parand, Brazil, official germplasm bank of
MAPA.
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To develop a formulation able to maintain bacterial sur-
vival for up to 15 days after seed inoculation and keep the
efficacy in fixing nitrogen, several cell protectors, poly-
mers and adhesives were evaluated, including clay, coal,
phosphates, several sugars, glycerol, polyvinylpyrrolidone
(PVP), polyvinyl alcohol (PVA), alginate, xanthans. After
several tests evaluating protectors, surfactants and buffers,
we came to a formulation that included: citric acid, xan-
than gum, non-ionic surfactant, PVA, mono- and dipotas-
sium phosphates, saccharides and polysaccharides. The
inoculant received the denomination of NG.

2.1.2 | Concentration, purity and strain
identity in the inoculant, and counting of
viable Bradyrhizobium cells recovered from
inoculated seeds

Evaluation of concentration of Bradyrhizobium spp. and
purity of the inoculants followed the official protocol
of MAPA (Mapa, 2010), that consists of the serial dilu-
tion in sterile saline solution (0.85% NaCl, w/v) and
plate-spreading on modified-YMA (yeast-mannitol-agar)
medium with Congo Red (Hungria et al., 2016). Accord-
ing to the Brazilian legislation, rhizobial inoculants must
present a concentration of atleast 10° cells ml~! or g~* for at
least six months (Mapa, 2011). The formulation developed
confirmed at least 5 x 10° cells ml~! for 12 months.

The identity of the two Bradyrhizobium strains in the
inoculant was confirmed by the DNA amplification with
the BOX-AIR (5'-CTACGGCAAGGCGACGCTGACG-3")
primer (Versalovic, Schneider, de Brujin, & Lupsky,
1994), as described by Chibeba, Kyei-Boahen, Guimaries,
Nogueira, and Hungria (2017); identification of strains
by BOX-PCR is also required by the Brazilian legislation
(Mapa, 2010).

The recovery of viable Bradyrhizobium cells from inocu-
lated seeds and counting followed the methodology previ-
ously described (Araujo et al., 2017; Penna, Massa, Olivieri,
Gutkimd, & Cassan, 2011; Santos et al., 2020), also included
in the Brazilian legislation (Mapa, 2010). Five treatments
were evaluated, and they are described in detail in the
item of field experiments. For the recovery analysis, basi-
cally, four groups of 500 g of soybean seeds were inoculated
according to each treatment, seeds were homogenized and
dried at room temperature for 30 min. Seeds were stored
under controlled conditions, in kraft paper bags at 25 +
2 °C and humidity of 50% + 5%, according to the time
established in each treatment. At each sampling time, four
subsamples of 100 seeds were transferred to 250-ml Erlen-
meyer flask containing 100 ml of sterile 0.85% (w/v) NaCl
saline solution + 0.01% (w/v) Tween 80 solution, follow-
ing the extraction procedures and spread plating of appro-

priate dilutions in modified-YM medium (Hungria et al.,
2016) containing Congo Red (25 mg L™!) as an indicator,
and vancomycin (0.1 g L™!) to inhibit contaminants from
seeds. For the laboratory experiment, the five treatments
were arranged in a completely randomized design (CRD)
with three biological replicates, each one with three tech-
nical replicates, i.e., three replicates for each biological
replicate.

The same seed treatments were performed for the four
field sites, and seeds were stored under the same controlled
conditions in all sites, 25 + 2 °C and humidity of 50 + 5%. As
the conditions were the same, cell recovery was analyzed
with the seeds of one of the experiments.

2.2 | Field experiments
2.2.1 | Characterization, establishment,
and procedures for the field experiments

Four field experiments were performed in the same crop
season, but representing four different edaphoclimatic
conditions, consisting of different combinations of climate,
soil texture and fertility. The sites represent important soy-
bean cropping areas in Brazil, in the southern (Londrina
and Paranavai, state of Parand), southeast (Lutécia, state
of Sdo Paulo), and northern (Aparecida do Rio Negro, state
of Tocantins) regions in Brazil (Figure 1). According to the
Koppen’s climate classification, the three first sites are Cfa,
humid subtropical, and the fourth is Aw, typical savannah
climate (Table 1).

At each site, 40 to 60 days before starting the experi-
ment, 20 soil subsamples were taken at 0-20 cm and 20-
40 cm depth layers for chemical and granulometric analy-
ses. Soil chemical analyses (Tables 2 and 3) were performed
according to van Raij, Andrade, Cantarella, and Quaggio
(2001), and Silva (2009). Granulometric analysis (Table 3)
was performed after Donagema, Campos, Calderano, Teix-
eira, and Viana (2011). Soil total organic C (Table 3) was
determined in a vario TOC Cube elemental analyzer (Ele-
mentar, Langenselbold, Germany) in air-dried and finely
ground (<0.02 mm) soil samples. This method is con-
sidered suitable for soils with high Fe content (Segnini
etal., 2008). The soybean-nodulating rhizobial populations
(Table 3) were assessed only at the 0-20 cm topsoil layer
in the same samples used for chemical analysis. The pop-
ulations were estimated using the most probable num-
ber (MPN) method with plant counting (O’Hara, Hungria,
Woomer, & Howieson, 2016), using soybean cv. BRS 1010
IPRO to trap rhizobia.

In all sites lime was applied 40 to 60 days before start-
ing the experiment based on the results of chemical anal-
ysis, to reach 70% of base saturation in Londrina, 60% in
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FIGURE 1 Map showing the sites of the four field experiments performed in Brazil

Lutécia, and 50% in Paranavai and Aparecida do Rio Negro,
as recommended for each region, and the amount of lime
to be applied was estimated as recommended by Silva
(2009). About 30 days before sowing, weed control was
done with the application of 2.5 L ha™! of glyphosate. In
Aparecida do Rio Negro, the control of invasive plants
was complemented with 1.5 L ha=! of 1,1’-dimetil-4,4'-
bipiridilio dichloride.

All procedures in the experiments followed the nor-
mative for inoculants according to the Brazilian legis-
lation. i.e., the protocols for conduction of field experi-
ments to confirm the agronomic efficiency of microbial
inoculants, regulated by specific governmental legislation
(Mapa, 2011). The soybean genotypes used in the experi-
ments are shown in Table 4 and they are in the list of rec-
ommended genotypes for each of the four sites. Seeds were
not treated with fungicides.

The experiments consisted of five treatments: (1) Non-
inoculated and non-N-fertilized control (NI); (2) Non-
inoculated control receiving 200 kg of N ha~!, 50% at sow-
ing and 50% at the flowering stage (NI+N); the objective
of this treatment is to verify if the symbiotic performance
is able to fulfill plant N requirements, and the treatment is
required by the Brazilian legislation (Mapa, 2011) to prove

agronomic efficiency of rhizobia; (3) Peat inoculant, tra-
ditionally considered as the best carrier (Hungria et al.,
2005), applied at sowing to deliver 1.2 million cells seed ™!
(Peat); (4) Liquid inoculant NG applied at the sowing (time
zero) to deliver 1.2 million cells seed ™! [NG (T0)]; (5) Lig-
uid inoculant NG applied to the seeds to deliver 1.2 million
cells seed ! 15 days before sowing [NG (T15)].

The experiments were performed in a randomized com-
plete block design (RCBD) with six replicates. Each exper-
imental unit measured at least 4 m by 6 m (Table 4), con-
sisting of 8 lines spaced 0.5 m apart, with lines 1 and 8 con-
sidered as borders; spacing between plots of 2 m was main-
tained to avoid contamination between treatments.

Immediately before sowing, fertilization with 300 kg
ha~! of the formulation 00-20-20 (60 kg ha™! of P,Os and
60 kg ha™! of K,0) was applied in-furrow in all treatments
using a no-till sowing machine. In the NI + N treatment,
100 kg of N ha™! (as urea, 450 kg urea ha™!) were applied
by surface spreading and slight incorporation. Sowing was
manual, with aseptic procedures between treatments. The
sowing date, plant density and further information of each
site are shown in Table 4.

In the phenological stages V3-V5 (Fehr & Caviness,
1977), Co (2.5 g ha™) + Mo (20 g ha™!) were leaf-sprayed.



HUNGRIA ET AL.

]
c
=
E]
o
o
>
£
o
<
o
B
[5)
<

5226

pu pu
09t 0S'9
8CT'T 91¢
0°C Sty
IeT 29
10°T 69
6¢'8 8ST
6I'S So1
+UZ U
Xopnioy o1dAg,
xopnnng
d1pouy
xopnioy J1dA7,
Xopnioy J1dAT,
, UONBOISSE[O
[ros

pu pu
65 L0
66 61Tl
101 €6'Cl
£l 160
(0138 88°0
61 60T
448 Or'T
c_wp Sw

+zod D

weo[ Ae[D

e

wreo[ Apues

pues

sse[d

[eIN)X3) [I0S

PAUIWLIANdP JOU ‘PU

pu oL 10°0 0z°0 090 0Tt N4 N4 9’ 6% 0¥-0¢C 013N org
pu G881 10°0 (0)740] 0T'1 06C 8T 8T 9 LS 0Z-00 op epraredy
<9 i 100 LE0 LT e S 149 L'S Ts 0t-0¢
8¢l ST 10°0 80 00°C SL'E Ie°S €6 8'G (49 0Z-00 BULIPUOT
9'¢ vy 10°0 00 8°0 6L°0 66'C (03 0'S (44 0¥-0¢
T'L (4 10°0 LO0 170 S8°0 8LC 8C 'S LY 02-00 B2
8L oY 200 oro €70 €L’0 [4)4 N4 S'¢ 8V 0¥-0¢C
0'LT 6l 10°0 LT'0 LS°0 00'T 8¢C 'C 8'G (4 0Z-00 leAeueIed
c_wp Sw c_wp “uo
(EWMPW)  (TYHPN) N I SN 8 H  (V+H) (0*H) (‘foed) wdsa  Lredorunpy
d d Apoe Hd ad
renualod
Ju1mos 210Joq SI94B] WD OF—-0Z PUB 07-0 Y3 1€ SIS [eyuswIadxa o) Ul sfIos 9y} Jo sentadord [eorwey) ¢ ATIV.L
‘1S £oaIng [10S VS 03 SUIPIODY
“ISJUIM UI UOSeas AIp 3 [eordox) ‘my ‘fedrdongns pruny ‘of) ‘uonedyisse)d 1o -uaddgy 03 Suip1oddy
6191 L'ST my S9¢ M 461 ,8S oLVS 4LO ,LS .60 0133N ory op epioaredy supuedQ],
(a4t 6°0C oD 0SS M ,6T°0€ ,01 -ISS ,SL'C ,T1 -€C BULIpUOT] pueled
S48 9°0C oD 182 M ,T8'LT ,ST 0S°S 48S°SY ,TT oCT BIO9INT o[ned ogS
6871 L°0T ofD 144 M ,IEY 8T oCSS 4TI LS oCT leAeueIeq vueled
wwt Do w
[[eJurel [enuue damjerddwd) orewr) IpMINTY S9JRUIPI00) Aedpruny els
9aeraay [enuue
9SeroAy
pauriojrad 919Mm S[BLI} PIOIJ 9} IYM 9IS YOBS J8 UONBIYISSR[O PUE SSB[O [BINIXI] [I0S “‘UOIIBIIJISSB[O O BUWII]D ‘S9jeuIpiood orydeiSosn [ A T1dV.L



At the phenological state R1 (Fehr & Caviness, 1977) the NI
.ED + N treatment received the second dose of N, of 100 kg of
% N ha~! as urea, spread on the surface as topdressing.
e All cultural and phytosanitary procedures followed the
S . phy ry p
o 0 - k) S recommendations for the soybean crop in Brazil (Embrapa
g .‘.2 < o — — y p
o9 =2 2 X X Soja, 2013).
%’E ,@ & 5 @ g g kel @ ke :
a®t £ 8§ 88 2 5 8 <5 2
2.2.2 | Plant sampling, analyses, and
N B_N. N grain yield
=1 © & o © n o S n
3 S g 8 g N R F 4
2 @ O N Between 42-44 days after sowing (DAS), corresponding to
§ 2 35-36 days after emergence (DAE), when the plants were
g 2 at the V5 developmental stage (Fehr & Caviness, 1977), five
5 B P g
3 Ele w oo g @S 5 3 plants per plot were randomly collected from the second
g 2|° S NSRS R and the sixth rows for assessment of nodulation (number
5 ko and mass), shoot dry mass, N concentration and contents
iy E NI ry
& % in the shoots. Plants were carefully collected with the aid
% é _g, S 28w g3 2 38 of a straight shovel, forming a square next to the roots, and
£ ©ID 6 o H o &K collecting nodules that might have fallen.
) In the laboratory, the shoots were separated from roots
o Iy, p
b at the cotyledonary node, and roots were washed care-
S o fully, collecting any falling nodule, and oven-dried at
% o £ 8 835 g § § g 50 °C until constant mass (approximately 72 h). The nod-
= BN N MM ules were removed from the roots, counted, dried again and
§ weighed to obtain nodule dry weight. Shoot N concentra-
= tion was determined in sulfuric digests by the green sali-
= g g
S la cylate method (Feigl & Anger, 1972). Total N in shoots was
N =] . . . .
= 8 = obtained by multiplying the shoot N concentration by the
- & 9
on = 4 .
2188 shoot dry weight.
% A8 = F 2S8R LY At physiological maturity, plants were harvested in the
'§ central area of each plot for estimating the grain yield;
= harvest dates and size of the areas harvested are shown
f'-; 9 in Table 4. Grains were cleaned, weighed, grain moisture
2 B determined in a moister meter, and the mass was corrected
5 % R8I Y8 R R to 13% moisture. The N concentration in grains was also
g . oM R determined as for shoots. Total N in grains (kg ha=!) was
! . . .
§ E obtained by multiplying the N concentration in grains by
& = grain yield.
= S g
9 Q e © - 51 B o O
£ @ 2838 8% 8] T
oS Ol + 6 F H =5 ©
= o e .
= 2.3 | Statistical analysis
<
&
g The laboratory experiment consisted of five treatments
= S o o o o © 9 o Iy exp
8 e YT LT T T for the evaluation of Bradyrhizobium cell recovery from
&8 11813131 v
2 A ©S N0 Ao Ao a the seeds, and the results were submitted to the analysis
g of variance (ANOVA) at 5% of significance, considerin
9 g g
g a completely randomized design (CRD). After the initial
2 - pletely g
o k= analysis, the non-inoculated treatments, with and with-
= 3 = y
n T«i - o s o % out N-fertilizer were not considered, as there were close
A :g § 3 g 3 %” S to zero bacteria in both treatments. The means were then
> = 5 = g g o 2 compared by the Dunnett’s test (bilateral), comparing each
E = £ = .4 <& g

treatment with the control, represented by the peat (Peat)
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TABLE 4 Agronomic information about the field experiments performed in the 2017-2018 cropping season
Density of Days at the Useful central
Soybean plants Vegetative vegetative Grain Total area harvested
Municipality cultivar Sowing (plantsha™!) harvest harvest harvest area to estimate yield
Paranavai BRS1010 1Nov 333,333 14 Dec 2017 43 DAS, 35 5 Mar 24 m? 6.75 m?
IPRO’ 2017 DAE, V5' 2018
Lutécia BRS1010 7 Nov 333,333 20 Dec 2017 42 DAS, 35 DAE, 8 Mar 25.2 m? 6.75 m?
IPRO 2017 2018
Londrina BRS1010 15 Nov 240,000 27 Dec 2017 42 DAS, 35 DAE, 24 Mar 24 m? 8.0 m?
IPRO 2017 V5 2018
Aparecida do BRS 8980 28 Nov 240,000 12 Jan 2018 44 DAS, 36 4 Apr 24 m? 8.0 m?
Rio Negro IPRO " 2017 DAE, V5 2018

‘Indetermined growth, group of maturity 6.4.

"Indetermined, group of maturity 7.9.

‘DAS, days after sowing; DAE, days after emergence.

‘V5 stage of soybean development, according Fehr and Caviness (1977).

inoculation supplying 1.2 million cells seed~! at time zero
(TO, 2 h after inoculation), using a 95% confidence inter-
val. Statistical analysis was performed using the Statistica
software version 7.0 (StatSoft Inc., 2004).

The data of each of the four field experiments performed
with a randomized complete block design (RCBD) with
six replicates were individually submitted to tests of nor-
mality and homogeneity of variances. ANOVA was then
performed using the Statistica software version 7.0 (Stat-
Soft Inc., 2004). When the “F” test was significant at
5%, the means were compared by Duncan’s test at 5% of
significance.

3 | RESULTS

3.1 | Inoculants analyses

The inoculants were within the quality limits established
by the Brazilian legislation i.e., at least 1 x 10° colony form-
ing units (CFU) per g or mL of inoculant and no contami-
nants at the dilution 10~ (Mapa, 2011). The concentrations
were of 5.0 x 10° CFU g~! in the peat standard inoculant
and of 5.6 X 10° CFU mL~"! in the NG inoculant. Based on
these results, both peat and NG inoculants were applied to
deliver 1.2 million cells seed . Strains identities were con-
firmed by BOX-PCR (data not shown).

3.2 | Recovery of viable cells from
inoculated seeds

The treatments of seed inoculation consisted of peat inocu-
lation (Peat) at zero time (T0) and the NG liquid inoculant,
at TO and with 15 days of pre-inoculation (T15). At TO, both
peat inoculant and the NG inoculant received 1.2 million

cells seed™! and resulted in the recovery of 1.6 X 10° CFU
seed™! and 2.0 x 10° CFU seed !, respectively, represent-
ing 16% and 20% of the theoretical number of cells applied
to the seeds, without differing statistically from each other
(p > .05). After 15 days of pre-inoculation, the cell recovery
from the treatment NG (T15) was of 2.2 X 10* CFU seed !,
and also did not differ from the Peat (T0) or NG (T0). How-
ever, it is worth mentioning that, considering the theoret-
ical application of 1.2 x 10° cells seed ™!, the recovery rate
was low, of less than 2%.

3.3 | Agronomic efficiency of the
inoculants

For the field experiments, soils were selected to show dif-
ferent conditions. According to the values estimated for
soils growing soybean (Embrapa Soja, 2013), in general, Ca
concentrations were low, while P ranged from low (Luté-
cia) to high (Londrina); Mn concentrations were gener-
ally high at all sites (Table 2), as usually found in Brazil-
ian tropical soils. The soil granulometric fractions varied
from clayey in Londrina, to sandy in Paranavai (Table 3).
Two out of the four areas had never been cropped with soy-
bean or received inoculant before, showing a low popula-
tion of soybean-nodulating bradyrhizobia (Paranavai and
Lutécia), while the two other sites had been cropped to
inoculated soybean before and showed high populations of
naturalized soybean-nodulating bradyhrizobia (Table 3).
The maximum and minimum temperatures during the
five months of the experiments in each site are shown
in Table 5. Temperatures followed the patterns usually
recorded for each site and in general pluviometry was
good in all areas. In three sites the treatment with the
best performance reached grain yield higher than the aver-
age reported for the states in the crop season, of 3508,
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TABLE 5 Maximum and minimum temperatures and total precipitation in each month during the soybean growth in the four field sites
Average Average
State Municipality Month Maximum Minimum Precipitation
°C mm
Paran4 Paranavai’ Nov 2017 28.5 18.8 140.4
Dec 2017 30.1 21.2 233.3
Jan 2018 315 21.2 326.7
Feb 2018 30.2 19.1 160.0
Mar 2018 30.9 21.2 150.5
Sédo Paulo Lutécia’ Nov 2017 28.8 17.6 138.8
Dec 2017 26.9 17.6 129.5
Jan 2018 28.8 19.3 210.8
Feb 2018 28.3 18.3 137.5
Mar 2018 28.0 17.7 96.3
Parand Londrina’ Nov 2017 29.2 17.3 197.5
Dec 2017 30.0 19.4 286.0
Jan 2018 28.2 20.1 408.9
Feb 2018 27.7 18.4 89.8
Mar 2018 279 20.8 2229
Tocantins Aparecida Nov 2017 33.6 22.6 197.1
do Rio Dec 2017 324 22.6 368.8
Negro’ Jan 2018 323 22.5 2734
Feb 2018 31.2 22.2 347.0
Mar 2018 32.2 22.8 182.0

‘Data obtained at the station located on the same municipality by the Instituto Agronémico do Parana (iapar.br/pagina-259.html)
"Data obtained at the closest station by the Instituto Nacional de Meteorologia (https://portal.inmet.gov.br/) and Centro Integrado de Informacdes Agrometeo-

roldgicas (https://www.udop.com.br/index.php?item=chuvas)

3546 and 3135 kg ha for Parand, Sdo Paulo and Tocantins,
respectively (Conab, 2020), confirming good climatic con-
ditions. The grain yield was only slightly lower than the
average in Paranavali, also in Parand, although it was higher
than expected for a first-year area of a sandy soil

3.3.1 | Field trials performed in areas
cropped for the first time and devoid of
soybean-nodulating rhizobia

In Paranavai, in the evaluation performed at the V5 growth
stage, the best nodulation (nodule number, NN) was
achieved with peat inoculation at sowing (Peat, T0), fol-
lowed by the NG (T0), decreasing about three-fold with
the pre-inoculation with NG (T15) (Table 6). Concerning
the nodule dry weight (NDW), the best performance was
also observed with the peat inoculant, and it is worth men-
tioning that this nodulation was achieved in a sandy soil
that had never received any inoculant. Despite the good
nodulation in the peat treatment, shoot dry weight (SDW)
was higher in the non-inoculated treatment receiving
N-fertilizer (NI +N). However, none of the inoculated

treatments, Peat, NG (T0) and NG (T15), differed statisti-
cally in the total N accumulated in shoots (TNS) from the
NI + N treatment.

Despite the initial advantage in the NI + N treatment in
Paranavai, this was not reflected in the physiological matu-
rity, with the highest yields being achieved with the three
inoculated treatments, with an emphasis on the NG (TO0).
Very important, the three inoculated treatments resulted
in total N accumulated in grains (TNG) values statistically
superior to both the NI + N and the NI control treatments.
Considering the average grain yield of the three treatments
with inoculation, there was a gain of 402 kg ha™! in com-
parison to the NI + N treatment. When compared to the
NI control, increases with the NG inoculant were of 938 kg
ha™! at the sowing (T0) and of 683 kg ha~! with 15 days of
pre-inoculation (T15).

The results obtained in the other first-year soybean
cropping area, Lutécia, were similar to those observed in
Paranavai (Table 6). Despite the stressful conditions of
a very sandy soil, NDW above 90 mg plant™' at the V5
stage was found in all inoculated plants. As also seen in
Paranavai, the highest SDW and TNS at the V5 stage in
Lutécia were achieved in the NI + N plants.


https://portal.inmet.gov.br/
https://www.udop.com.br/index.php?item=chuvas
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The better performance of the NI + N treatment at the
vegetative stage in Lutécia did not result in higher grain
yield. Higher yields and TNG were achieved in all inocu-
lated plants, and statistically superior to the NI and NI +
N treatments (Table 6). Compared to the NI control plants,
inoculation with NG (T0) and NG (15) increased grain yield
by 2485 and 2682 kg ha™!, respectively. Considering the
NI + N plants, the increases were of 797 and 994 kg ha™1,
respectively. Increases in both N concentrations in grains
(NCG) and TNG were also observed in inoculated plants.

3.3.2 | Field trials performed in areas
traditionally cropped with soybean,
showing naturalized soybean-nodulating
rhizobia

In a traditionally area cropped with inoculated soybean
in Londrina, the naturalized soybean-nodulating rhizo-
bial population was estimated at 1.47 x 10* rhizobia g~!
(Table 3). Under these conditions, inoculation generally
does not improve significantly nodulation, as also observed
at the V5 stage in this experiment (Table 7). In this same
evaluation, the highest SDW and TNS were verified in the
NI + N treatment.

In Londrina, at the physiological maturity, no differ-
ences were observed in grain yield; however, both NG (T0)
and NG (T15) were highlighted by the highest values of
TNG, although not differing statistically from the NI + N
treatment (Table 7).

Nodulation was not affected by inoculation in Apare-
cida do Rio Negro (Table 7), which also contained high
population of soybean-nodulating rhizobia in the soil, esti-
mated at 4.62 X 10° rhizobia g~! (Table 3). However, the N-
fertilizer decreased NN and especially NDW (Table 7). No
statistical differences were verified among the treatments
for the other parameters evaluated at the V5 stage.

At the physiological maturity, the highest grain yield was
observed in plants inoculated with NG (T0), not differ-
ing statistically from plants inoculated with NG (T15), and
both were statistically higher than the NI and the NI + N
plants (Table 7). In comparison with the NI plants, inocu-
lation with NG (T0) and NG (T15) increased grain yield by
497 and 416 kg ha™!, respectively. Considering the NI + N
plants, the increases were of 533 and 452 kg ha™!, respec-
tively. Plants inoculated with NG (T0) and NG (T15) also
showed the highest N accumulation in grains (TNG).

4 | DISCUSSION

Despite some variation in supporting rhizobial multiplica-
tion, depending on the origin, peat has been considered
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for decades as the best carrier for inoculants (Balatti &
Freire, 1996; Burton, 1984; Hungria et al., 2005; Rough-
ley, 1970). This matrix provides physical protection to the
rhizobia, high water holding capacity and nutrients; how-
ever, one main limitation relies on the lack of practical-
ity in the inoculant application to the seeds, requiring the
use of adhesives (Hungria et al., 2005). Inoculation with
peat-based inoculants in large scale soybean areas has been
time-consuming and manpower-demanding, resulting in
demand by the farmers of inoculants for pre-inoculation.

To attend to this new agricultural reality, liquid inocu-
lants were developed and gained the market in South and
North America, based on the easiness of application. Liq-
uid formulations are easier to sterilize, allowing higher
purity and cell concentrations. In addition, the inoculants
are easy to apply and compatible with mechanized sow-
ing (Bashan, De-Bashan, Prabhu, & Hernandez, 2014; San-
tos et al., 2019; Singleton, Keyser, & Sande, 2002). Taking
Brazil as an example, the first liquid inoculant was regis-
tered in 2000 and nowadays 80% of the 70 million doses
commercialized yearly are based on liquid carriers, and a
similar percentage is reported in Argentina (ANPII, 2019;
Santos et al., 2019).

Initially, several reports indicated that, in spite of high
cell concentration, the liquid inoculants had a poor perfor-
mance in the field, especially under environmental stress-
ing conditions such as high temperature and drought, that
frequently occur in tropical soils, being worse in sandy soils
(Hungria et al., 2005). However, formulations have greatly
improved, and this was confirmed in our study, as with the
NG applied at sowing grain yield was not statistically dif-
ferent from the peat inoculation, also applied at sowing, in
three out of the four sites, and was higher in Aparecida do
Rio Negro. One major example was verified in Lutécia, as
despite the low-fertility and very sandy soil devoid of soy-
bean bradyrhizobia, the NG liquid inoculum promoted 2.5
more grain yield over the non-inoculated control (NI).

Nevertheless, soybean sowing in large areas in Brazil,
nowadays 36.9 million ha (Conab, 2020), within a short-
sowing window, less than 45 days, has been challenging,
and many farmers demand pre-inoculation. The develop-
ment of liquid inoculants enriched with cell protectors able
to maintain rhizobial cells alive for days or weeks after
being applied on the seeds can represent a useful strategy
for dealing with a short-sowing window and manpower
shortage. Here we show the feasibility of a liquid formula-
tion that provides good field performance with 15-days of
pre- inoculation, resulting in grain yield statistically sim-
ilar to both the peat inoculant and the liquid inoculant
NG applied at the sowing time in all four field sites. In
addition, NG (T15) was similar to the treatment receiving
200 kg ha™! of N-fertilizer in two sites (Paranavai and Lon-
drina) and superior in the other two sites (Lutécia and
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Aparecida do Rio Negro). However, despite the good per-
formance, improvements in the formulation should con-
tinue, mainly aiming at increasing the cell survival on
the seeds, as the technical recommendation is of recovery
of 80,000 to 100,000 CFU seed~"! for appropriate symbi-
otic performance (Hungria & Nogueira, 2019), higher than
observed in this study.

In 2020 Brazil became the first world’s soybean pro-
ducer, and along with other South American countries is
responsible for 55% of the global production (USDA, 2020).
In these countries, most of the N-fertilizers are imported,
e.g. 80% in Brazil, very expensive and with a frequent short-
age in the market (EPE, 2019). Therefore, to supply the
high demand of N of the soybean, estimated at 80 kg of N
per 1000 kg of grains, BNF is the unique strategy to achieve
economic viability (Hungria & Mendes, 2015; Hungria &
Nogueira, 2019). Efforts towards increasing the contribu-
tion of the biological process have taken place for decades,
one of them to perform several trials to verify the need for
annual reinoculation.

Pioneer studies in the USA have shown that in soils with
as little as 10 cells g~! there would be no response to inoc-
ulation (Thies, Singleton, & Bohlool, 1991; Thies, Woomer,
& Singleton, 1995). Contrarily, the average increase in grain
yield confirmed in more than 100 field trials in Brazil per-
formed in areas with established populations of soybean-
nodulating Bradyrhizobium, of 10° to up to 10° cells g~! is
of 8% with annual inoculation (Hungria & Mendes, 2015;
Hungria & Nogueira, 2019; Hungria et al., 2006). Amaz-
ingly, in South America, BNF in soybean supplies the N
needed for yield and also enriches the soil with remain-
ing N of plant residues (Hungria & Mendes, 2015; Hun-
gria et al., 2006). Conversely, in Midwest USA the soy-
bean crop has supposed to reduce the soil organic matter
levels (Cordova et al., 2019). Positive responses to annual
reinoculation have been also reported in Argentina (Hun-
gria et al., 2006; Leggett et al., 2017) and in other South
American countries. Differences between countries might
explain the estimates that 80% of the Brazilian and Argen-
tinian farmers adopt annual reinoculation, in contrast to
15% of the North American (Chang et al., 2015; Leggett
et al., 2017). Another recent report from the USA indicated
lack of response to reinoculation (Carciochi et al., 2019);
however, in this study, a commercial inoculant was used
and there was no check on the cell concentration before
sowing, and one may be surprised by the low quality of
some commercial inoculants. As high yields and seed pro-
tein in the USA seem limited by N that cannot be supplied
by the naturalized bradyrhizobia population (La Menza
et al., 2020; La Menza, Monzon, Specht, & Grassini, 2017),
although edaphoclimatic conditions and soil fertility in
the USA are usually very different from those of South
America, it seems interesting to suggest the strategy of

annual reinoculation to increase yields and protein con-
tent in grains. Indeed, Leggett et al. (2017) have recently
shown that inoculation may also lead to yield increases in
the USA.

The capacity of BNF in soybean-bradyrhizobia symbio-
sis in Brazil was confirmed in all four field sites. Elite
rhizobial strains used in commercial inoculants (Hungria
& Mendes, 2015; Hungria et al., 2006) were applied at
the concentration of 1.2 x 10° cells seed ™!, the minimum
dose recommended in the country (Hungria, Araujo, Silva
Junior, & Zilli, 2017). In areas cropped for the first time and
void of soybean bradyrhizobia, in Paranavai and Lutécia,
even under very harsh conditions of sandy and low-fertility
soils, the biological process supported well plant growth,
and considering both sites, mean increases in grain yield in
relation to the NI control were of 83% (PI1 T0), 90% (NG T0)
and 88% (NG T15), indicating an average gain of 89% with
the NG liquid inoculant. Significant increases, although of
lower magnitude, were obtained with the use of the NG
inoculant in the two areas traditionally cropped with the
legume and showing naturalized soybean-nodulating rhi-
zobial population, on average by 8.5% when applied at sow-
ing and by 5.2% with 15 days of anticipation, representing
an average gain of 6.8%, whereas no increases were verified
with the addition of N-fertilizer.

Our results also highlight the non-economic return of
the application of N-fertilizers, as the inoculation treat-
ments always resulted in higher grain yield increases.
Therefore, care should be taken in the analysis of stud-
ies preconizing that soybean responds to N-fertilizer, but
that do not include a proper control with an inoculation
treatment (La Menza et al., 2020). In addition, the negative
impact of N-fertilizer on the contribution of the BNF has
been broadly reported (e.g. Hungria & Mendes, 2015; Hun-
gria et al., 2006); in a recent meta-analysis of field experi-
ments, the average decrease due to the N-fertilizer was esti-
mated at 44% (Santachiara, Salvagiotti, & Rotundo, 2019).
However, we should mention that in our study none of the
seeds was treated with pesticides. Soybean seed treatment
with pesticides can greatly impair nodulation and nitro-
gen fixation, especially when in contact with the cells for
long periods, as in pre-inoculated seeds (Campo, Araujo,
& Hungria, 2009; Hungria & Mendes, 2015; Hungria &
Nogueira, 2019). Although in Brazil more than 90% of the
soybean seeds are treated with pesticides, our main goal
was to evaluate the survival and efficacy of the liquid inoc-
ulant with pre-inoculation, and the next step should be to
extend this evaluation to seeds treated with pesticides.

Not less important, decreases in protein contents
reported in soybean grains have affected industrial pro-
cessing that requires minimal concentration for economic
viability. There is evidence that the N from the BNF is more
easily translocated to the grains than the N coming from
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FIGURE 2 Total N accumulated in grains (TNG) of soybean
non-inoculated without (NI) or with N-fertilizer (NI + N, 200 kg of
N ha™), or inoculated with peat inoculant at sowing (T0), or liquid
inoculant NG at sowing (TO) or 15 days before sowing (T15). Both peat
and liquid inoculants were applied to supply 1.2 x 10° cells seed .
Data represent the means of four field experiments, with six repli-
cates per treatment per site. Bars sharing the same letter do not differ
statistically (p < .05, Duncants test)

the soil or the N-fertilizers (e.g. Hungria & Neves, 1987;
Kaschuk et al., 2010). In our study, N contents in grains of
plants inoculated with NG (T15) were statistically higher
than the NI + N plants in three out of the four experi-
ments. Inoculation greatly increased total N in grains, and
both NG (T0) and NG (T15) resulted in higher accumula-
tion of N in grains in all four experiments when compared
with both NI and NI + N plants. Considering the average
of all three inoculants in all four experiments (Figure 2),
inoculation increased total N in grains by 45% and 24%,
when compared to the NI and NI + N plants, respectively;
considering only the NG liquid inoculant (TO and T15) the
increases were of 47 and 27%, respectively. These results
highlight the large contribution of BNF to improve the pro-
tein content in soybean grains.

In conclusion, our results highlight the economic and
environmental importance of the BNF with the soybean
crop in Brazil, that may be extended to other produc-
ing countries. The development of inoculants for pre-
inoculation is feasible and can bring many benefits to the
farmers, giving the flexibility to organize the sowing oper-
ation and increasing the use of inoculants.
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