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Abstract

Alfalfa (Medicago sativa L.) has high forage yield potential, protein quality, palatability, and digestibility,
and low seasonality. The aim of this study was to evaluate the effects of strains of Sinorhizobium meliloti
and Azospirillum brasilense on the nutritive content, bromatological composition (crude protein [CP],
neutral detergent fiber [NDF], acid detergent fiber [ADF], and in vitro digestibility of dry weight [I[VDDW]),
and shoot dry weight (SDW), relative chlorophyll index (RCI), number of tillers (NT), plant height (PH), and
root dry weight (RDW) and volume (RV), of alfalfa grown in a Typic Ultisol. The experiment consisted of
eight combinations of plant-growth promoting bacteria (PGPB). The treatments were as follows: Ti1:non-
inoculated control without N-fertilizer (NI); T»: NI + N-fertilizer, and inoculated with Ts: Sinorhizobium
(=Ensifer) meliloti SEMIA 116 + N-fertilizer; Ta: S. meliloti SEMIA 116 + A. brasilense Ab-V5 + Ab-V6 + N-
fertilizer; Ts: S. meliloti SEMIA 134 + N-fertilizer; Te: S. meliloti SEMIA 134 + co-inoculation + N-fertilizer; T7:
S. meliloti SEMIA 135 + N-fertilizer; and Ts: S. meliloti SEMIA 135 + co-inoculation + N-fertilizer. S. meliloti
strains are used in commercial inoculants for the alfalfa, and A. brasilense for several non-legumes and
legumes in Brazil. The experiment was performed for three successive cuts under greenhouse conditions.
Application of N-fertilization increases the production cost, making alfalfa cultivation unviable. Inoculation
with three strains of Sinorhizobium meliloti highly promoted alfalfa growth, considering several
parameters, including PH, RCI, NT, SDW and RDW, nutritive value, and with an emphasis on RV, and total
N content and total N accumulated in shoots and roots. No further increases were observed with the co-
inoculation with the PGPB A. brasilense. Studies in field and greenhouse conditions are necessary to verify
the benefits of the use of PGPB in the cultivation of alfalfa.

Keywords: Medicago sativa, biological nitrogen fixation, diazotrophic bacteria, N-total

1. INTRODUCTION

Alfalfa (Medicago sativa L.) has cosmopolitan importance, either based on the scope of the area
explored, or because of its important properties such as high yield potential, protein quality, high

palatability and digestibility, capacity for biological N2 fixation (BNF), and low seasonality in forage yield;
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additionally, it can be used directly as pasture or conserved as silage or hay [1]; [2]. It is one of the most
important pastures used for feeding specialized dairy herds and animals, and can also be used in human
diet, cosmetics, and the pharmaceutical industry [3].

Among the limiting factors in alfalfa production, the reduction in N availability is considered the most
relevant factor, resulting in less shoot dry weight (SDW) and protein content in forage [4]. Alfalfa is able
to symbiotically associate with bacteria known as rhizobia, establishing the process of BNF, which can
reach up to 470 kg ha! of N in temperate conditions [5]. and twice as much in tropical and subtropical
conditions, where the frequency of annual is higher [4]. is The main nitrogen-fixing symbionts of alfalfa
belong to the species Sinorhizobium meliloti (= Ensifer meliloti) [6].

In addition to rhizobia, other PGPB, with an emphasis on the genus Azospirillum, (BPGPs), can be
beneficial to increases biomass production and grain yield in a variety of non-legume and legume species
[7]; [8]; [9]- BPGPs are believed to benefit plant growth through an array of mechanisms that can act
simultaneously or in continuous reaction [10]; [11]; [12]. For example, this positive effect of PGPB has
been verified in Prosopis juliflora (Sw.) DC. [13], in maize (Zea may L.) and wheat (Triticum aestivium
L.) [7], in brachiarias (Urochloa spp.) [9], and in co-inoculation with rhizobia of soybean (Glycine max
(L.) Merr.) and common bean (Phaseolus vulgaris L.) [8]. The inoculation of forage species with
Azospirillum brasilense can increase the SDW and tillering, as well as the uptake of N of phosphorus (P)
from the soil [14]; [15]; [16]; [17].

Considering the potential interactions of BNF with the soil chemical attributes and the benefits
attributed to different cultures by inoculation with 4. brasilense, one can deduce that co-inoculation can
improve alfalfa yield. However, although there are studies that report the benefits of co-inoculation of
rhizobia and Azospirillum (e.g. [8]), there are still no reports on the performance of alfalfa in the tropics.
Therefore, the objective of this study was to evaluate the agronomic efficiency of strains of Sinorhizobium
meliloti and Azospirillum brasilense on shoot and root growth, nutritive value, and nutritional status of

alfalfa grown in a Typic Ultisol.

2. MATERIALS AND METHODS

Strains characterization and growth, alfalfa cultivar and establishment and conduction of the
experiment
Strains

The rhizobial strains used as inoculants are authorized for the production of commercial inoculants for
alfalfa in Brazil [18]. There are three strains authorized for the pasture in Brazil: SEMIA 116 (=USDA
1088, =3D0i4, =CNPSo 933), SEMIA 134 (=CNPSo 934), and SEMIA 135 (=CNPSo 935) [18]. Despite
been used in commercial inoculants, the precise origin and characterization of the rhizobial strains were
not clear. According to a record of 1995, SEMIA 116 has been received from the USDA collection, while
strains SEMIA 134 and SEMIA 135 were isolated from alfalfa nodules grown in the state of Rio Grande
do Sul, Brazil; the three strains were evaluated and indicated for the use in commercial inoculants by the
institutions Fepagro (State Agricultural Research Foundation)/UFRGS (Federal University of Rio Grande
do Sul) [19]; [18]. The Azospirillum brasilense strains Ab-V5 (=CNPSo 2083) and Ab-V6 (=CNPSo 2084)
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have been selected in Brazil and used in commercial inoculants as a PGPB for both non-legumes, including
brachiarias [9] and legumes as co-inoculant with rhizobia [8]. The strains are deposited at the “Diazotrophic
and Plant Growth Promoting Bacteria Culture Collection of Embrapa Soja” (WFCC Collection # 1213,
WDCM Collection # 1054), in Londrina, State of Parana, Brazil.

The three rhizobial strains have been previously classified as Sinorhizobium (=Ensifer) meliloti based
on the sequencing of the16S rRNA gene [18]. As the information based only on the 16S rRNA is not precise
to define species, the DNAs of the three strains were extracted using the DNeasy Blood & Tissue kit
(Quiagen, Hilden, Germany), according to the manufacturer's instructions, aiming at the amplification with
three housekeeping genes, glnB and gyrB, with the primers and amplification conditions described by [20]
and rpoB, with the primers and amplification conditions described by [21]. Genes sequencing were carried
out according to the conditions described by [22] on the ABI 3500XL sequencer (Applied Biosystems).
The sequences were submitted to the NCBI bank database and received the accession numbers that are
included in Figure 1. The sequences obtained were aligned using the MUSCLE algorithm [23] and
phylogenetic analyzes were performed using the MEGA software version 6 (Molecular Evolutionary
Genetics Analysis), using the maximum likelihood algorithm (ML) [24], with a bootstrap value of 1,000
replicates [25], For the Multilocus Sequencing Analysis (MLSA) the sequences of glnB, gyrB and rpoB
genes were concatenated using the SeaView software [26] and the phylogenetic tree was built with the
General Time Reversible nodel, with gamma-distributed sites.

To verify the genetic profile of each of the three rhizobial strains, DNA analysis was performed by
BOX-PCR, as described by [27]. The genetic profiles were analyzed using the Bionumerics software
(Applied Mathematics, Kortrijk, Belgium, v.7.6), through the construction of a dendrogram of similarity,
using the UPGMA (Unweighted Pair-Group Method with Arithmetic mean) algorithm [28] and the Jaccard
coefficient [29], with a 3% of tolerance.

For the experiments the inoculants were produced at the Biotechnology Laboratory of Embrapa Soybe
and Center, in modified yeast-extract mannitol medium for rhizobia [30] and DYGS medium for

Azospirillum [31].

Experiment establishing and conduction, harvests and analyses

The experiment was conducted under greenhouse conditions at the Sdo Paulo State University
(UNESP), Campus of Aragatuba, Sao Paulo State, Brazil with an average daytime temperature of 26 to 36
°C and night mean time temperature of 20 °C, 415 m altitude. The soil used was characterized as a Typic
Ultisol with the following chemical attributes at the 0 to 20 cm layer [32]: pH in CaClx = 5.2 (1:2.5
soil/solution), soil organic matter (SOM) = 26 g kg'!, phosphorus (P - resin) = 23.0 mg kg!, sulfur (S) =
19.0 mg kg™!, potassium (K*) = 2.9 mmolc kg™!, calcium (Ca*") = 25.0 mmolc kg™, magnesium (Mg**) =17
mmole kg!, aluminum (AI** = 28.0 mmolc kg™, potential acidity (H+Al) = 44.9 mmol. kg, cation
exchange capacity (CEC) = 72.9 mmolc kg™!, boron (B) = 0.6 mg kg™, copper (Cu) = 1.2 mg kg™!, iron (Fe)
=111.0 mg kg'!, manganese (Mn) = 9.9 mg kg'!, zinc (Zn) = 3.5 mg kg'!, clay = 155 g kg™, and sand = 735
g kg'!. Before sowing, base saturation was increased to 80% [33]; [6] with CaCO3 and MgCO3 application
in a 3:1 ratio, and the soil was incubated for 30 days, keeping the humidity close to 80% of field capacity
(FO).
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The experiment was performed in plastic pots containing 5.0 kg of soil. After the incubation period,
basic fertilization was performed according to [34], with the application of 200 mg kg™! of P [Ca(H2PO4)2],
150 mg kg!' of K, 61.5 mg kg! of S (K2SO4), 0.5 mg kg! of B (H3BO3), 1.0 mg kg! of Cu (CuSO4), 0.1
mg kg of Mo (H2Mo0O4), 3.0 mg kg! of Mn (MnSO4), and 2.0 mg kg™ of Zn (ZnSO4). NHsNO3 (50.0 mg
kg of N) 14 days after emergence.

The population of rhizobia symbionts of alfalta was evaluated by the method of the most probable
number (MPN) in alfalfa plants of cultivar “Crioula”, while the population of diazotrophic microorganisms
in soils was evaluated by the MPN method in semi-solid NFb medium, [35]. The soil populations were
estimated at 1.4 x 102 cells of rhizobia g and 1.2 x 10* cells of diazotrophic bacteria g! of soil.

The experiment was performed with a completely randomized block design with eight treatments and
five replicates with repeated measures over the time. The treatments were as follows: Ti:non-inoculated
control without N-fertilizer (NI); T2: NI + N-fertilizer, and inoculated with T3: Sinorhizobium (=Ensifer)
meliloti SEMIA 116 + N-fertilizer; T4: S. meliloti SEMIA 116 + A. brasilense Ab-V5 + Ab-V6 + N-
fertilizer; Ts: S. meliloti SEMIA 134 + N-fertilizer; Te: S. meliloti SEMIA 134 + co-inoculation + N-
fertilizer; T7: S. meliloti SEMIA 135 + N-fertilizer; and Ts: S. meliloti SEMIA 135 + co-inoculation + N-
fertilizer. The bacterial concentration of the inoculants was adjusted to 2 x 10° cells per mL for rhizobia
and 2 x 108 cells per mL for Azospirillum. The inoculant dose of 15 mL k™! of seed was used. Fifteen seeds
were sown, and after thinning, five uniform plants remained per pot.

Three cuts at 10 cm above the ground were made when the plants had an onset of 10% flowering to
evaluate plant height (PH), number of tillers (NT), relative chlorophyll index (RCI), and shoot dry weight
(SDW). The chlorophyll content was determined indirectly before collection using the SPAD-502 Plus
Chlorophyll Meter (SPAD - Soil and Plant Analysis Development) in the average third of five plants per
pot. After each cut, the material was dried in an oven with forced air circulation at a temperature of 65 °C
for 72 h. Subsequently, the material was weighed and ground for chemical analysis. The neutral detergent
fiber (NDF), acid detergent fiber (ADF) as described by [36], N content (NC) in shoot and root and in vitro
digestibility of dry weight (IVDDW), were determined as described by [37]. The crude protein (CP)
concentration was calculated by multiplying the NC by a factor of 6.25. The total N accumulation was
calculated by multiplying the NC by SDW. At the end of the experiment, root dry weight yield (RDW) and

root volume (RV) of alfalfa were determined.

Statistical analysis

Data were tested for error normality and homogeneity of variances and PH, NT, RCI, SDW, RDW, RV,
and chemical composition (NDF, ADF, NC and IVDWD) were evaluated statistically. The results were
assessed using analysis of variance (ANOVA), F test (p < 0.05) and compared using the t test (LSD) with
a 5% probability using SAS (Statistical Analysis System, version 8.2) [38].

3. RESULTS AND DISCUSSION

Strains characterization

The analysis of the 16S rRNA represents the backbone of the taxonomy of prokaryotes; however,
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nowadays, the great majority of the data has shown that this singles analysis is not capable of distinguish
species, only genus. The analysis of other housekeeping genes, in the MLSA (multiloccus sequencing
analysis) has been used as a much more powerful technique for species classification (e.g. [20]; [30]; [21].
The phylogenetic trees obtained for each single gene (data not shown), as well as the tree obtained when

the three housekeeping genes

glnB, gyrB, rpoB

were concatenated and analysed (Figure 1)
confirmed the results obtained with the 16S ribosomal gene [18], indicating that the three rhizobial strains
used in commercial inoculants in Brazil, SEMIA 116 (=USDA 1088, =CNPSo 933), SEMIA 134 (=CNPSo
934), and SEMIA 135 (=CNPSo 935) belong to the species Sinorhizobium (=Ensifer) meliloti.

gg| Ensifer meliloti SEMIA 116 (MN708002; MN708005; MN708008)
10 Ensifer meliloti LMG 61337 (KR818748; AM418808; AM295384)
Ensifer meliloti SEMIA 135 (MN708004; MN708007; MN708010)
T Ensifer meliloti SEMIA 134 (MN708003; MN708006; MN708009)
Ensifer medicae LMG 199207 (KR818746; AM418802; AM295387)
Ensifer arboris LMG 149197 (HM997093; AM418815; AM295380)
Ensifer alkalisoli YIC4027T (KR154013; LYBWO01000057; LYBWO01000026)
W)!:Ensifer sojae CCBAU 05684 (GU994060; AJQT01000020; GU994049)
Ensifer saheli LMG 78377 (AF169589; AM418804; AM295362)

10 Ensifer morelense LMG 213317 (HM997095; AM418803; AM295377)
{ Ensifer adhaerens LMG 202167 (HM997090; AM418794; AM295374)
Rhizobium tropici CIAT 8997 (EU488791; CP004015; CP004015)

Ensifer glycinis CCBAU 233807 (KJ556511; LPUX01000060; HM057528)
78 Ensifer americanum CFNEI 1567 (GU994065; LNQC01000036; DQ411956)
—{i Ensifer kostiense LMG 192277 (GU994063; AM418819; DQ411960)
100 —— Ensifer fredii USDA 2057 (AF169591; HQ438229; DQ411957)

96? Ensifer terangae LMG 78347 (AF169590; HQ438230; DQ411967)
99! Ensifer xinjiangense CCBAU 1107 (EU155088; HQ438228; DQ411958)

100

100

e
0.05

Figure 1. Maximum likelithood phylogeny based on the concatenated gene sequences of glnB + gyrB +
rpoB of Sinorhizobium (=Ensifer) species. Bootstrap values >70 % are indicated at the nodes. The model
used was the General Time Reversible, with gamma-distributed sites (G). Bar indicates five substitutions

per 100 nucleotide positions.

Previously, strains were isolated from effective nodules, as it was the case of SEMIA 134 and SEMIA
135, but there were no techniques available to distinguish, what has changed with the molecular biology.
The DNA profile obtained by the BOX-PCR technique has proven to be a reliable technique to distinguish
strains [40], such that it has been included as the official method for confirming the identity of strains in
Brazilian inoculants [41]. Interestingly, the analysis of the DNA profile by BOX-PCR indicated identical
profiles for the strains SEMIA 135 and SEMIA 136 (Figure 2), indicating that they could be the same
strains. As these two strains were isolated from efficient alfalfa nodules in Rio Grande do Sul soil, they can
indicate an efficient strain adapted to the region's edaphoclimatic conditions, which stood out in the

selection process. As the genetic characterization of the strains was not carried out at the time of selection,
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it was not possible to identify that they were the same strain. The profiles of SEMIA 135 and SEMIA 135
were distinct from the North American strain SEMIA 116, with less than 60% of similarity (Figure 2),
indicating that SEMIA 135 and SEMIA 136 may be indigenous strains, of some native legume, which have

adapted to the alfalfa growing in southern Brazil.

Box Box
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Ensifer meliloti SEMIA 103
: | i | l | Ensifer melioi SEMIA 134

' Ensifer meliloti SEMIA 135

:
g |
mn ld 1 Rhizobium tropici CIAT 899

Figure 2. Dendrogram of alfalfa strains SEMIA 116, SEMIA 134 and SEMIA 135 used in commercial
inoculants for the forage in Brazil based on cluster analysis of BOX-PCR products using the UPGMA

algorithm and the Jaccard index, with 3% of tolerance. SEMIA 103 is also a symbiont of alfalfa, while

CIAT 899 is a symbiont of common bean.

Plant performance with inoculation of PGPB

The analysis of variance indicated that the plant height (PH) was influenced by the interaction of
treatments and cuts (Figure 3a). The height of the plants varied in the average of the three cuts from 37.9
to 53.3 cm, with the absolute control (non-inoculated without N-fertilizer, NI) having the lowest PH in
relation to the other treatments. It should be noted that even in the absence of significance between
treatments with PGPB, PH in the co-inoculation treatment with S. meliloti SEMIA 134 + A. brasilense (Ab-
V5 + Ab-V6) was 12.7% higher than that in NI + N treatment (non-inoculated + N-fertilizer). In the third
cut, both inoculated and co-inoculated treatments, except for those co-inoculated with SEMIA 135, were
statistically superior in relation to both the NI and the NI + N treatments, emphasizing the benefits of the

nitrogen fixing symbiosis with rhizobia even after successive cuts [42]; [43].
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Figure 3. Plant height (cm) (a); relative chlorophyll index (SPAD index) (b); number of tillers (units pot™)
(c) and shoot dry weight yield (g pot™) (d) in alfalfa inoculated with S. meliloti and co-inoculated with 4.
brasilense (Ab-V5 + Ab-V6) of the three harvests. Error bars represent the standard errors of the means.
Averages followed by the same lowercase letter for treatments and upper case for harvests do not differ by
t test (LSD) (P<0,05).

There was a significant effect of treatment x cut for the SPAD index (Figure 3b), which varied from
35.5 to 50.0 for the average of the three cuts, and was similar to the range of 31.4 to 44.9 reported by [44]
with the same alfalfa cultivar ‘Crioula’. There were differences between the cuts, and in the second cut, the
plants inoculated with S. meliloti + (Ab-V5 + Ab-V6) showed the highest values. It was also observed that
the values of the SPAD index were more expressive in the third cut for the treatments involving the
inoculation or co-inoculation with strains SEMIA 134 and SEMIA 135 than in the other treatments. The
SPAD value in treatment Ts (co-inoculation with SEMIA 135) was 32.0% higher than that in NI control,
again demonstrating the importance of seed inoculation.

Considering that SPAD values above 30 indicate adequate nutrition with regard to N in alfalfa [44], it
was observed that only the NI control showed low values in the second cut (26.8). As the SPAD index is

used as an indicator of responses of plants that have higher N content, in the present study, except in plants
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inoculated with strains of S. meliloti + (Ab-V5 + Ab-V6), the SPAD indexes decreased with the successive
cuts in the NI and NI + N treatments (Figure 3b), indicating a probable decrease in the photosynthetic
mechanism of the plants, possibly owing to the decrease in the contents of structural carbohydrates in the
reserve mechanism in plants [45]. The number of tillers (NT) showed significant differences for the
interaction treatments x cuts and ranged from 21.7 to 36.7 between cuts, with increase from the first to the
third cut (Figure 3c); however, among the treatments, the NT varied significantly in the third cut, and in
the third cut was lowest in the NI treatment.

For SDW parameter there was interaction between treatments % cuts (Figure 3d); the second lowest
yield was obtained with the NI treatment, and in the third cut there an outstanding performance was
achieved by the co-inoculated treatments in comparison to both NI and NI + N treatments. An increase in
SDW was observed from the first to the third cuts in all treatments, except for the NI control. All S. meliloti
showed good performance, but it is worth mentioning that co-inoculation of SEMIA 116 and A. brasilense
produced 16.8% more SDW than with single inoculation with SEMIA 116 (Figure 3d).

There was a significant relation between the RDW and RV (Figure 4b and Figure 4c), which ranged
from 3.3 to 17.6 g per pot, with treatments NI and NI + N being inferior to all other treatments (Figure 4b).
The treatment co-inoculated with S. meliloti SEMIA 134 produced 89.2% RDW when compared to the NI
+ N treatment. For the RV, emphasis should be given to the co-inoculation with strain SEMIA 116, with,
45.8% higher than the NI + N (Figure 4c).

The increase in the RDW with the diazotrophic bacteria demonstrated that the stimulation of
nodulation can occur as a direct response to the increase in the quantity of roots and RV. Similar results
were obtained by [46]; [47], wherein inoculation with A. brasilense promoted the formation of root hair in
common beans (Phaseolus vulgaris) and alfalfa, respectively. As rhizobial infection occurs through the
formation of infectious threads in the root hair [48], stimulation of a greater number of epidermal cells to
differentiate into infectious root hair cells can increase the potential of nodule initiation [49].
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Figure 4. Shoot dry weight yield accumulation (g pot™) (a); root dry weight (g pot™!) (b) and root volume
(pot) (¢) in alfalfa inoculated with S. meliloti and co-inoculated with A. brasilense (Ab-V5 + Ab-V6) of the
three harvests. Error bars represent the standard errors of the means. Averages followed by the same
lowercase letter for treatments do not differ by t test (LSD) (P<0,05).

In addition to BNF, PGPBs are also known for their ability to produce phytohormones. [50] verified
the effect of co-inoculation with S. meliloti and Herbaspirillum frisingense on alfalfa and concluded that
inoculation with these strains had a beneficial effect on the symbiosis process with regard to the seed
growth, the SDW and RDW, as well as increased number of nodules and nitrogenase activity. These results

are consistent with those reported in the present experiment, as the PGPB showed beneficial effects,
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resulting in an increase in the SDW, RDW, and RV (Figure 3d and Figure 4a and 4b and 4c).

Interaction between treatments x cuts was verified in the total N content (NC) of shoots an (Figure 5a).
The NC was lower in the NI and NI + N treatments than in other treatments, except for the first cut, in that
NI + N did not differ and ranged from 22.7 to 31.9 g kg'! N, whereas in the third cut, the co-inoculated
treatment with S. meliloti SEMIA 135 was 58.3% higher than in the NI + N treatments. It should be noted
that even without significant differences, the co-inoculation with S. meliloti SEMIA 135 was 8.1% higher
in NC than the same treatment single inoculated with the same strain. According to [51] studying the
efficiency of inoculants in alfalfa also found similar results, with the inoculated treatments being superior
to the treatment both non-inoculated controls, demonstrating the efficiency of the inoculants in the

cultivation of alfalfa.
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Figure 5. Total nitrogen content (g kg™!) (a) and total N accumulation (g kg™') (b) of shoots in alfalfa
inoculated with S. meliloti and co-inoculated with 4. brasilense (Ab-V5 + Ab-V6) of the three harvests.
Error bars represent the standard errors of the means. Averages followed by the same lowercase letter for
treatments and upper case for harvests do not differ by t test (LSD) (P<0,05).
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In the second and third cuts, the NC in the NI + N treatment, that received 50 kg ha! N indicate that
this dose was not sufficient to guarantee a satisfactory growth of alfalfa, which was reflected by lower N
levels, while the inoculation with the rhizobia strains allowed good performance. According to [52]; [4],
[2], the ideal N content in SDW for alfalfa grown in the tropics should be in the range of 24.0- to 35.0 g
kg™!. However, differences in the NC depend on the time of cut and the stage of development. According
to [53] found that when harvested at the first cut, the NC was 43 g kg'! N (growing phase) and 22 g kg'! N
(end of flowering). For the total N accumulation, there was an interaction between treatments x cuts (Figure
5b). In the first cut, the lowest N accumulation was verified in the NI control, whereas in the second cut,
the highest values were achieved in the co-inoculated and in the NI + N treatments co-inoculated
treatments. In the third cut, the co-inoculation treatment with strain SEMIA 135 resulted in the
accumulation of 157.5% more N than that the NI + N; although not significant difference, it produced 8.8%
more N than S. meliloti SEMIA 135. This shows the possible activity of PGPB in total N accumulation in
plants. In the average of the three cuts, the co-inoculation treatment with S. meliloti SEMIA 135 resulted
in the accumulation of 370 g kg™ N per pot when compared to the NI +N treatment. Similar results were
verified by [54], who found increases in total N accumulation in plants from the first to the third year, from
382 to 649 kg ha!; in our experiment, from the increases were from 229 to 417 g kg™! per pot (Figure 5b).

The total N content of the roots (NCR) was significant for treatments (Figure 6a). The NCR ranged
from 13.1 to 17.8 g kg'!, and were lower in the NI and NI + N treatments. The values were also higher than
the average of 11.3 gkg™! obtained by [2]. Although not statistically different, co-inoculation with S. meliloti
SEMIA 135 resulted in NCR 9.2% higher than that in single inoculation with SEMIA 135. The total N
accumulation in roots showed significant differences for the treatments and varied from 43.5 to 312.3 g kg
! per pot in treatments NI and co-inoculation with S. meliloti SEMIA 135, respectively (Figure 6b). The co-
inoculation with S. meliloti SEMIA 135 accumulated 120 % more N than that in plants of NI + N treatment.
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Figure 6. Total nitrogen content (g kg!) (a) and total N accumulation (g kg™') (b) in roots in alfalfa
inoculated with S. meliloti and co-inoculated with 4. brasilense (Ab-V5 + Ab-V6) of the three harvests.
Error bars represent the standard errors of the means. Averages followed by the same lowercase letter for
treatments do not differ by t test (LSD) (P<0,05).

It is worth mentioning that, although without statistical difference, co-inoculation with S. meliloti
SEMIA 135 and A. brasilense resulted in higher values than the single inoculation with SEMIA 135 for the
following parameters: 8.1% in total N content of shoots; 9.8% in total N accumulation and 9.2% in NCR.
According to [55] demonstrated an increase in the rhizobium population when grown with PGPB.
According to [56], when describing the relationship between the plant growth-promoting Burkholderia sp.
and S. meliloti PP3, found that in combination, plant growth was promoted, due to increased synthesis of
indole-3-acetic acid and phosphate solubilization.

PGPB stimulate plant growth by facilitating the absorption of nutrients by the plant. It is suggested

that the increase in mineral uptake by plants is owing to a general increase in root volume [57].

Nutritive value
Alfalfa nutritional properties varied with the rhizobial strains and the co-inoculation with A. brasilense
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(Ab-V5 + Ab-V6) and the strains of S. meliloti used. The crude protein (CP) content showed significant
interaction between treatments X cuts (Figure 7a). Except for the first cut in the NI control, this treatment,
as well as the NI +N had the lowest levels of CP. The CP content was satisfactory and varied on average
from 14.2- to 20.1%, and the co-inoculation treatment with S. meliloti SEMIA 135 resulted in 19.3% more
CP than that in the NI + N treatment. According to [58] obtained similar results in the evaluation of nine
alfalfa cultivars. As in several other parameters, co-inoculation resulted in 8.6% higher CP content then
single inoculation with SEMIA 135, although not statistically different. According to [59] reported average
levels of 18% to 25%, and these levels are close to that of the present study, which varied from 14% to
20%.

407 801
(@ (b)
aA an
aA aA aA a aA abA abA bA abA abA -
bA
307 I ] I aA 604 ab aB
! P bC B ab|
o e b8 ﬁ asff 2C be 28
~ bC bC
| g
20 aB w 404
a
z

aB aB aB

Crude Protein (%)

207

604

ADF (%)

123 123
Harvests

123 123

123 123 1
Harvests

23 1

1

123 123 123 123 123

2

IVDWD (%)

1001

80

604

o

404

o

204

o

o
T

04
123 123

T
123 123 123
Harvests

1

2

3

aB

aA

e
1 labB

123 123 123 123 123 123 123 123

Harvests

B NI = SEMIA 134

B NI + N-fertilizer B SEMIA 134 + Ab-V5 + Ab-V6

B SEMIA 116 B SEMIA 135

B SEMIA 116 + Ab-V5 + Ab-V6 g SEMIA 135 + Ab-V5 + Ab-V6

Figure 7. The crude protein (CP) (%) (a); neutral detergent fiber (NDF) (%) (b); acid detergent fiber (ADF)
(%) (c) and in vitro digestibility dry weight IVDWD) (%) (d) in shoots in alfalfa inoculated with S. meliloti
and co-inoculated with A. brasilense (Ab-V5 + Ab-V6) of the three harvests. Error bars represent the
standard errors of the means. Averages followed by the same lowercase letter for treatments and upper case
for harvests do not differ by t test (LSD) (P<0,05).

According to [60] evaluating the effect of different strains of S. meliloti found CP levels higher than
those obtained in the present study, and only in the first cut the levels were higher than those reported by

these authors. The effective application of strains of S. meliloti proved to be essential for increasing the CP
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content by 19 to 42% when compared to the NI and NI + N treatments, respectively. The NDF showed
significant differences for the treatments X cuts interaction (Figure 7b). In the mean of the three cuts, all
co-inoculated treatments presented the lower NDF content, except in the third cut, with a good performance
with the co-inoculation with SEMIA 116. The NDF content indicates the dry weight intake rate of alfalfa;
the higher the value, the lower is the forage quality, thereby compromising the performance of animals
[59]. The percentage of NDF makes up the cell wall structure, comprising mainly structural carbohydrates,
which are of low availability in the digestion process [61]. Therefore, the reduction in NDF content implies
an increase in the constituents of the cellular content, soluble carbohydrates, proteins, and lipids, which
have greater availability.

The ADF showed significant differences for the treatment x cut interaction (Figure 7c). The ADF of
the plants did not vary significantly between treatments in the first cut, whereas in the second cut, the value
in the NI treatment was higher than that in the other treatments. In the third cut, the inoculated plants
showed significantly lower ADF content than that in both non-inoculated controls. High ADF values
indicate low energy production, i.e., the quality of forage is reduced [59]. The levels of ADF in the first
two cuts were well below that of 24 to 35%, indicated as the maximum tolerated level, and in the third cut
was higher (Figure 7c). According to [62] working with ‘Crioula’ reported values below 24% and [63]
found average values of 30% ADF, which are similar to those obtained in the first cut and higher than those
obtained in the other cuts. The ADF fraction represents the fibrous fraction of the food or the composition
of the cell wall and is closely linked to digestibility as lignin is the main chemical component of the forage
cell wall [61].

The IVDWD was significant for the treatments x cuts interaction (Figure 7d). In the first and second
cuts, there were no differences between the treatments. In the third cut, the inoculated treatments were
superior to the negative and positive controls, and the co-inoculation with SEMIA 135 showed 12.7%
greater digestibility than that in the NI + N treatment. On average, the digestibility varied from 67 to 71%,
staying within the value considered adequate by [64]. According to [62] obtained values from 68 to 71%,
which are similar to those found in the present study. [IVDWD depends on the cellulose and lignin content.
As lignin is virtually indigestible, intense cell wall lignification in advanced stages of alfalfa growth tends
to reduce the IVDWD coefficient. In the present experiment, treatments NI and NI + N in the third cut
presented lower IVDWD than in other treatments, and high levels of NDF and ADF.

4. CONCLUSIONS

Application of N-fertilization increases the production cost, making alfalfa cultivation unviable.
Inoculation with three strains of Sinorhizobium meliloti highly promoted alfalfa growth, considering
several parameters, including plant height, relative chlorophyll index, number of tillers, shoot and root dry
weight, nutritive value, and with an emphasis on root volume, and total N content and total N accumulated
in shoots and roots. No further increases were observed with the co-inoculation with the PGPB A.
brasilense. Studies in field and greenhouse conditions are necessary to verify the benefits of the use of
PGPB in the cultivation of alfalfa.
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