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A B S T R A C T

We here characterized the stress-tolerant alfalfa microsymbiont Sinorhizobium meliloti B401. B401-treated plants
showed high nitrogen fixation rates under humid and semiarid environments. The production of glycine betaine
in isolated bacteroids positively correlated with low precipitation levels, suggesting that this compound acts as a
critical osmoprotectant under field conditions. Genome analysis revealed that strain B401 contains alternative
pathways for the biosynthesis and uptake of glycine betaine and its precursors. Such genomic information will
offer substantial insight into the environmental physiology of this biotechnologically valuable nitrogen-fixing
bacterium.

Alfalfa (Medicago sativa L.), commonly known as the “Queen of
Forages”, is the most important forage legume, and thus, the basis of
meat and milk productions worldwide. However, cultivation of this
legume crop has been displaced to marginal areas, e.g. arid regions and
saline soils, by other crops of greater economic importance for direct
human consumption such as wheat, maize, rice and soybean
(Cornacchione and Suarez, 2017; Sandhu et al., 2017). Thus, to main-
tain high levels of alfalfa productivity in the next years, it is necessary
to understand the mechanisms of stress tolerance of alfalfa micro-
symbionts. Since the complete genome sequence of the model strain
Sinorhizobium meliloti 1021 became available, genomic data and genetic
studies of this species have increased rapidly, providing useful in-
formation about the genetic features involved in root colonization,
nodule formation and nitrogen fixation (diCenzo et al., 2016; diCenzo
and Finan, 2015; Galardini et al., 2013; Schneiker-Bekel et al., 2011). In
contrast, the genetic factors associated with the adaptation of symbiotic
bacteria to different environments are poorly understood. In this con-
text, we decided to study the stress-tolerant nitrogen-fixing bacterium
Sinorhizobium meliloti B401. This strain, isolated from the agronomic
soil in alfalfa monoculture under water-deficit field conditions in the
Pampean region (32° 14´S, 65° 14´W) by the National Institute of
Agricultural Technology of Argentina (https://inta.gob.ar/).

Contrary to the model strain Sinorhizobium meliloti 1021, which has

a high performance in some european soils, high levels of biological
nitrogen fixation were observed in alfalfa plants inoculated with strain
B401 in both humid and semiarid environments of the Pampean region
of South America (Fig. 1a). Particularly, eight months after inoculation,
and relative to uninoculated plants, the nitrogen derived from gaseous
nitrogen (%Ndfa) in B401-treated alfalfa plants was high and similar in
both stress and optimal field conditions, with an average of 86.9% and
85.3%, respectively. This result shows that these B401-inoculated al-
falfa plants are incorporating vast amounts of nitrogen via symbiotic
nitrogen fixation regardless of the environmental conditions. Interest-
ingly, alfalfa plants inoculated with strain 1021 were unable to produce
nodules under semiarid environments (not data shown), probably due
its low adaptation to the Pampean region. In addition, the accumulation
of glycine betaine positively correlated with low precipitation levels,
suggesting that this compound acts as a compatible solute under field
conditions (Fig. 1b). Genome sequencing analysis showed that the
complete genome sequence of the bacterium B401 (6,140,999 bp)
consists of a circular chromosome (3,459,457 bp) and two large extra-
chromosomal replicons named megaplasmid A (1,096,825 bp) and
megaplasmid B (1,584,717 bp) (Table 1), and that the G + C content
(62.4%) is similar to that of other S. meliloti strains (Galardini et al.,
2013). Pairwise alignments of genomes showed that S. meliloti B401 has
high nucleotide identity to other S. meliloti strains (Table 2), including
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the model strain S. meliloti 1021 (Galibert et al., 2001). Similar to strain
1021, strain B401 contains a set of genes for biosynthesis and uptake of
glycine betaine (Fig. 2). Strain B401 has two pathways for glycine be-
taine biosynthesis: the oxidation of choline by choline dehydrogenase
(BetA) and betaine aldehyde dehydrogenase (BetB) (Pocard et al.,
1997), the oxidation of choline sulfate by choline sulfatase (BetC)
(Mandon et al., 2003) and the methylation of sarcosine by betaine-
homocysteine methyltransferase (Bmt) (Barra et al., 2006) (Fig. 2). The
latter enzyme shows significant amino acid identity (25%) to the Bmt
enzyme of humans (Millian and Garrow, 1998) and other eukaryotes
but not to other strains belonging to the Eubacteria domain, with the
exception of Sinorhizobium strains. In addition to the betaine transporter
(BetS) (Boscari et al., 2002; Boscari et al., 2006), strain B401 has the
ABC gene cluster (Dawson and Locher, 2006) for choline transport
(ChoXWV) (Dupont et al., 2004) (Fig. 2). Therefore, BetAB proteins can

probably synthesize glycine betaine using both endogenous and exo-
genous chlorine. Moreover, strain B401 has a complete set for the
methionine cycle, including the key enzyme methionine synthase co-
dified by the metH gene (Barra et al., 2006) (Fig. 2). In addition to the
chromosomal cluster BetS-ChoXWV (BWO76_26325-26340), and con-
trary to other strains belonging to the Sinorhizobium genus, strain B401
has an additional cluster (ChoXWV-BetS) for choline and betaine up-
take (BWO76_03765-BWO76_03780) within the megaplasmid A
(Fig. 2), the most variable replicon in strains belonging to S. meliloti
species (Galardini et al., 2013). The localization of cluster ChoXWV-
BetS of strain B401 into a highly variable replicon, the different gene
order within the chromosomic (BetS-ChoXWV) and plamidic (ChoXWV-
BetS) clusters, the low amino acid identities between each individual
genes of these clusters ( > 50%), and the absence of ChoXWV-BetS
cluster in other Sinorhizobium strains suggest that it was acquired via
horizontal transfer, probably as a mechanism for adaptation to abiotic
stress conditions. The availability of the genome presented here pro-
vides the source for analysis of regulation of glycine betaine production
in strain B401 and in other stress-tolerant related rhizobial species
which are able to fix nitrogen in association with legume plants under
stressed field conditions.

Genome sequencing and annotations. Genomic DNA of strain
B401 was isolated from overnight cultures using the Wizard Genomic
DNA Purification Kit (#A1120, Promega, USA). Genome sequencing
was performed at INDEAR (http://www.indear.com/). As a result, a
total of 22.04 mega reads (2.23 Gp) were obtained from Ilumina Hi-
seq1500 technology. De novo assembly and annotations were carried
out using the Geneious software (www.geneious.com) and Pipeline
(https://www.ncbi.nlm.nih.gov) with a N50 scaffold length of 1.4 Mb.
The coding DNA sequences were classified into subsystems by means of
RAST (http://rast.nmpdr.org). The nucleotide sequences of the three
replicons obtained from strain B401 were deposited at the EMBL
Nucleotide Sequence Database, accession numbers: CP019485 for the
chromosome, CP019483 for megaplasmid A, and CP019484 for mega-
plasmid B. Strain B401 is available in two public collections: BNM
(http://inba.agro.uba.ar/) and IMyZA (https://inta.gob.ar/imyza).
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Fig. 1. Biological nitrogen fixation and glycine betaine accumulation in strain B401. (A) The biological nitrogen fixation in plants without inoculation or inoculated with model
strain 1021, commercial strain B401 and (B) the intracellular levels of glycine betaine in isolated bacteroids from plants inoculated with commercial strain B401 were analyzed in six
experimental sites within the Pampean region of Argentina with different annual precipitations (Additional File 1) All values are means + SEM of ten biological replicates.

Table 1
Genome features of the commercial inoculant Sinorhizobium
meliloti B401.

Features Values

Genome size 6,140,999 bp
G + C content 62.4%
Total genes 6116
Coding genes 5727
rRNA 9
tRNA 53

Table 2
Relationship of bacterium B401 to other Sinorhizobium strains. Genomic alignments
of strain B401 against other Sinorhizobium strains were performed by LASTZ (www.
geneious.com). The accession numbers used in these alignments were NC_003047, NC_
003037 and NC_003078 for strain 1021; NC_015590, NC_015591 and NC_015596 for
strain AK83; NC_017322, NC_017324 and NC_017323 for strain BL225; NC_017325, NC_
017327 and NC_017326 for strain Sm11; NC_019845, NC_019848 and NC_019849 for
strain GR4; NZ_CP009144, NZ_CP009145 and NZ_CP009146 for strain RMO17; and
NC_018700, NC_018683 and NC_018701 for strain Rm41.

Replicons of strain B401 Strains − pairwaise% identity −

1021 AK83 BL225 Sm11 GR4 RMO17 Rm41

chromosome 99.8 99.6 99.8 99.7 99.7 99.8 99.3
megaplasmid A 98.0 98.6 97.9 98.3 97.7 98.7 98.5
megaplasmid B 98.6 98.4 98.5 98.5 98.1 98.5 98.4
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.jbiotec.2017.10.007.
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Fig. 2. Identification of genes potentially involved in the
biosynthesis, degradation, uptake and transport of the
osmoprotectant glycine betaine in strain B401 genome.
There are three clusters involved in the complex metabolic
network of glycine betaine: BWO76_18535 − BWO76_18540
− BWO76_18545 for the biosynthesis of glycine betaine from
choline (BetABC), BWO76_26325 − BWO76_26330 −
BWO76_26335 − BWO76_26340 (BetS-ChoXWV) and
BWO76_03765 − BWO76_03770 − BWO76_03775 −
BWO76_03780 (ChoXWV-BetS) for the transport of choline
(Cho) and glycine betaine (Bet) molecules. The rest of the
genes related to glycine betaine biosynthesis and degradation
are in single locus: metC (BWO76_13915), metK
(BWO76_15885), metH (BWO76_29040) and bmt
(BWO76_24040).
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