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Summary

The lack of an appropriate genomic platform has pre-
cluded the use of gain-of-function approaches to
study the rhizobium–legume symbiosis, preventing
the establishment of the genes necessary and suffi-
cient for symbiotic nitrogen fixation (SNF) and poten-
tially hindering synthetic biology approaches aimed
at engineering this process. Here, we describe the
development of an appropriate system by reverse
engineering Sinorhizobium meliloti. Using a novel in
vivo cloning procedure, the engA-tRNA-rmlC (ETR)
region, essential for cell viability and symbiosis, was
transferred from Sinorhizobium fredii to the ancestral
location on the S. meliloti chromosome, rendering the
ETR region on pSymB redundant. A derivative of this
strain lacking both the large symbiotic replicons
(pSymA and pSymB) was constructed. Transfer of
pSymA and pSymB back into this strain restored
symbiotic capabilities with alfalfa. To delineate the
location of the single-copy genes essential for SNF on
these replicons, we screened a S. meliloti deletion
library, representing > 95% of the 2900 genes of the
symbiotic replicons, for their phenotypes with alfalfa.
Only four loci, accounting for < 12% of pSymA and
pSymB, were essential for SNF. These regions will
serve as our preliminary target of the minimal set of
horizontally acquired genes necessary and sufficient
for SNF.

Introduction

The rhizobium–legume symbiosis is an agriculturally and
ecologically important biological process. This complex
relationship begins in the soil, where the rhizobia must
successfully compete for occupancy in the rhizosphere.
Following an exchange of signals between the rhizobial

and the legume partners, the rhizobia infect the plant root
and differentiate into bacteroids within the plant cells of a
specialized organ known as the nodule (Garg and
Geetanjali, 2007; Oldroyd et al., 2011). Here, the rhizobia
convert atmospheric N2 gas to ammonia (NH3) for assimi-
lation by the legume host. In 2008, biological nitrogen
fixation in crop legumes was estimated to fix ∼ 21
teragrams of nitrogen globally per year (Herridge et al.,
2008), equivalent to > 10 billion US dollar worth of nitro-
gen fertilizer.

For decades, the study of the steps and underlying
genetics of this interaction has been of interest to many
researchers, with a long-term goal of manipulating this
process for agricultural gains. This includes developing
improved biological inoculants as well as engineering
symbiotic nitrogen fixation (SNF) in non-legumes such as
cereals (Archana, 2010; Oldroyd and Dixon, 2014;
Rogers and Oldroyd, 2014). Doing so will require intimate
knowledge of the genetic basis of the interaction through-
out all stages of the relationship. Although great strides
have been made in this area, the lack of an appropriate
genomic platform for forward genetics studies has limited
certain analyses, for example, establishing the sufficiency
of the identified symbiotic gene complement. Previously,
researchers have attempted to use non-rhizobia that are
closely related to the rhizobia as the genetic background,
and have transferred entire large symbiotic plasmids into
these species (for example, see Martínez et al., 1987;
Rogel et al., 2001; Marchetti et al., 2010). However, the
resulting strains either show incomplete or poor symbiotic
phenotypes relative to the donor rhizobia. In such experi-
ments, it is difficult to draw conclusions as to why the
resulting strain is a poor symbiont; e.g. were relevant
genes not transferred or was there a lack of recruitment of
housekeeping genes into symbiotic regulons? As a result,
non-rhizobia do not show much promise as the back-
ground genome in which to perform forward genetic
analysis of SNF.

We believe a more promising alternative is to reverse
engineer a rhizobium into a non-nitrogen fixer. Rhizobia
acquired their symbiotic genes via horizontal gene transfer
(HGT) and these genes are generally located either on
large plasmids or as symbiotic gene islands (MacLean
et al., 2007). Thus, the complete removal of these plasmids
or islands should remove most, if not all, the horizontally
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acquired genes related to symbiosis. Such a strain would
provide an appropriate genomic background for gain-of-
function (forward) genetic analyses of SNF as the chromo-
somal background is known to be permissive to SNF, and
the plasmids or islands removed represent a genetic pool
that contains all genes necessary for SNF.

The genome of a model rhizobium, Sinorhizobium
meliloti Rm1021, is divided into three replicons: a 3.7 Mb
chromosome, a 1.7 Mb chromid (pSymB) and a 1.4 Mb
megaplasmid (pSymA) (Galibert et al., 2001). Whereas
the chromosome was primarily inherited via vertical trans-
mission, the majority of pSymA and pSymB were acquired
via (ancient) HGT (Galibert et al., 2001; Wong and
Golding, 2003), and both are essential for symbiosis
(Barnett et al., 2001; Finan et al., 2001). We recently
reported the construction of a S. meliloti strain lacking
both pSymA and pSymB (termed ΔpSymAB) (diCenzo
et al., 2014), and thus the majority, if not all, of the hori-
zontally acquired genes required for symbiosis. However,
pSymB contains a 129 kb region that includes several
symbiotically important genes, including the housekeep-
ing gene bacA (diCenzo et al., 2013). Phylogenetic analy-
sis shows that 69 kb of this region translocated from the
chromosome (diCenzo et al., 2013), and the absence of

this region in the ΔpSymAB strain limits its potential for
use in forward genetic analysis of SNF.

Here, we describe two fundamental steps towards
defining the rhizobial minimal symbiotic genome. First, we
detail the construction of a S. meliloti ΔpSymAB derivative
in which the entire 69 kb region has been re-introduced
into the chromosome, and confirm this mutant as a viable
platform for gain-of-function analysis of the rhizobium–
legume symbiosis. Second, we delineated the pSymA and
pSymB regions that carry single-copy genes essential for
symbiosis with Medicago sativa (alfalfa). These data will
serve as the basis for an ongoing project to use the
ΔpSymAB strain reported here to identify the minimal
N2-fixing symbiotic gene complement.

Results

Reconstruction of the ancestral engA-tRNA-rmlC
(ETR) region

The ETR region was originally identified as a pSymB
locus carrying essential genes (diCenzo et al., 2013).
Initial comparative genomics revealed that this region was
chromosomally situated between the kdgK and the dppF2
genes in a S. meliloti ancestor and translocated to pSymB
as part of a 69 kb translocation (diCenzo et al., 2013). To
identify which sequenced Sinorhizobium isolate carries an
ETR region most similar to the predicted ancestral ETR
region, a detailed phylogenetic analysis was performed.

The analysis included all the Sinorhizobium and Ensifer
species with a fully assembled genome, as well as some
species whose genome was still in contigs if the entire
ETR region was present on a single contig (Fig. 1). This
phylogeny suggested the ancestor of interest was present
prior to the divergence of the Sinorhizobium species, but
following the divergence of the Sinorhizobium species
from Ensifer adhaerens. Alignments of the ETR region
revealed that a core region was conserved across all
strains, although some minor differences were present
between clades 1 and 2 (Fig. 1). However, all the clade 1
strains had at least one large strain- or species-specific
insertion, as did Sinorhizobium fredii USDA 257, which
was not desired. Of the remaining four organisms, the
ETR region was strongly conserved between S. fredii
NGR234, S. fredii HH103 and Sinorhizobium americanum
CCGM7, with the ETR region of Sinorhizobium terangae
WSM1721 showing slight deviation from the others. As
the ETR region of S. terangae seemed more divergent
from the ETR region of clade 1 strains, it was reasoned
that the other three (NGR234, HH103 and CCGM7) are
likely the best representation of the ETR region in the
ancestral Sinorhizobium. As each appeared equally good,
we chose to clone the ETR region of S. fredii NGR234 as
it is a model organism.

Fig. 1. Evolution of the ETR region in the Sinorhizobium. The
phylogenetic tree is the minimum evolution bootstrap consensus
tree made from the EngA protein sequence, and is rooted with
EngA from Rhizobium etli CFN42. Values represent bootstrap
values from 1000 replicates. The asterisk represents the lowest
common ancestor of the nitrogen-fixing Sinorhizobium. On the right,
pairwise alignments of the ETR region, visualized with the Artemis
Comparison Tool, are shown. The green indicates the engA-tRNA
region, whereas the cyan indicates the tRNA-rmlC region. Strain
names are listed following the alignments. Rm41, SM11, AK83,
BL225C, Rm1021, RMO17 and GR4 are S. meliloti strains; LMG
14919 is a Sinorhizobium arboris strain; WSM419 is a
Sinorhizobium medicae strain; CCGM7 is a S. americanum strain;
USDA 257, HH103 and NGR234 are S. fredii strains; WSM1721 is
a S. terangae strain; OV14 is an E. adhaerens strain.
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Development of an in vivo cloning and genome
manipulation technique

To transfer the 69 kb ETR region from the chromosome of
S. fredii NGR234 to the chromosome of S. meliloti, we

developed an in vivo cloning method for the Sinorhizobium.
We previously exploited the Flp/FRT recombination
system to make large, defined deletions in the S. meliloti
genome (Milunovic et al., 2014), and had adapted the
ϕC31 integrase system for the stable integration of
plasmids into the S. meliloti chromosome (diCenzo et al.,
2013). We therefore combined these two systems into a
streamlined protocol for the in vivo cloning of large DNA
fragments followed by the stable integration of this DNA
into the desired recipient.

As summarized in the experimental procedures and
Figs 2, S1 and S2, the region to be cloned is flanked by
FRT (Flippase recognition target) sites through single
cross-over plasmid integration. The resulting strain carries
FRT sites flanking not only the region to be cloned, but also
p15A and ColE1 oriV and rep genes, two RK2 oriT
sequences, neomycin (Nm) and gentamicin (Gm) resist-
ance genes (nptII and aacC4) and an attP sequence.
Following Flp-mediated recombination between the two
FRT sites, a circular DNA fragment containing the
sequence of interest is excised from the genome. Although
this fragment cannot replicate in Sinorhizobium species, it
can be mobilized to Escherichia coli through the expres-
sion of the RK2 tra genes in trans, where it is effectively
captured as a replicating plasmid. The resulting plasmid is
then conjugated into an appropriate recipient that carries a
landing pad that includes an attB site and the ϕC31
recombinase. The plasmid will integrate into the genome
via the attB and attP sites, following which the scar regions
at either ends of the insertion can be removed using
sacB-mediated double cross-over recombination.

The effectiveness of the Flp/FRT cloning technique was
initially assessed by isolating a ∼ 10 kb fragment from the
S. meliloti chromosome that includes the phoR and
pstSCABphoUphoB operons. Using a quadriparental
mating method (Fig. 2A), we were able to recover E. coli
transconjugants carrying the desired plasmid at a fre-
quency on the order of 10−9 per S. meliloti donor and per
E. coli recipient. However, when attempting to clone the
69 kb ETR region from the chromosome of S. fredii
NGR234, we failed to isolate the desired plasmid using
the quadriparental technique. We therefore switched to
using a two-step procedure that involved sequential
triparental matings (Fig. 2B). As expanded on below, we
successfully obtained E. coli transconjugants at a fre-
quency on the order of 10−7 per donor S. meliloti and
E. coli recipient.

Re-introduction of the ETR region into the
S. meliloti chromosome

As single cross-over plasmid integrants can recombine
out of the genome, it was possible that the E. coli
transconjugants did not carrying the S. fredii ETR region

Fig. 2. Flp/FRT mediated in vivo cloning.
A. In procedure A, a single quadriparental mating is performed. (1)
In no particular order, the plasmids pTH1944 (red; mobilized by
pRK600) and pRK600 (blue) are transferred to a Sinorhizobium
strain with two FRT sites integrated into its genome. (2)
Constitutive expression of the Flp recombinase catalyses
recombination between the two FRT sites (arrowheads), resulting in
the excision of a RK2 mobilizable and narrow host range plasmid.
Excision of the plasmid from the Sinorhizobium genome may occur
prior to the gain of pRK600. (3) The excised plasmid is mobilized
by pRK600 and transferred to DH5α, (4) which is selected for on
LB Rif Gm.
B. In procedure B, two consecutive triparental matings are
performed. (5) The plasmid pTH2505 is transferred to a
Sinorhizobium strain with two FRT sites integrated into its genome.
(6) The resulting strain is used in a second mating, where, in no
particular order, pRK600 is transferred to the Sinorhizobium strain
and expression of the flp gene is induced by the protocatechuate in
the medium. The newly synthesized Flp recombinase mediates
recombination between the two FRT sites in the genome, excising
a RK2 mobilizable and narrow host range plasmid. (7) The excised
plasmid is mobilized by pRK600 and transferred to DH5α, (4)
which is selected for on LB Rif Gm. Black arrows indicate new
experimental steps, whereas grey arrows indicate steps occurring
in a single mating spot.
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as a plasmid (pETR or pTH2938) and instead carried the
two plasmids used to integrate the FRT sites. Successful
polymerase chain reaction (PCR) amplification of engA
and rmlC from the plasmid DNA purified from the E. coli
transconjugants and, more importantly, 100% linkage of
the Gm and kanamycin (Km) resistance genes following
transformation of E. coli DH5α with the purified pETR
provided evidence that the plasmid in the E. coli
transconjugants was indeed pETR (data not shown).

Following transfer of pETR to S. meliloti RmP3331
(attB, ϕC31 integrase), transconjugants were recovered at
a frequency of 10−4, whereas transconjugants were recov-
ered at a reduced frequency of just 10−7 into wild type
RmP110. This suggested that ∼ 99.9% of transconjugants
had the plasmid integrated into the attB site and not
elsewhere in the genome (e.g. the ETR region on
pSymB). As there is 13% divergence in the sequence
identity of the conserved portion of the ETR region
between S. meliloti Rm2011 and S. fredii NGR234, it is
not surprising that little homologous recombination
between pETR and pSymB was detected. The ability to
transduce the ΔB179 deletion, which removes the
pSymB-encoded copies of the essential engA and tRNAarg

gene, into one of the transconjugants confirmed that
pETR integrated at the attB site and that the S. fredii engA
and tRNAarg genes properly complemented the deletion of
the S. meliloti engA and tRNAarg genes (data not shown).
Although the resulting transconjugant (RmP3340) carried
the ETR region in the desired location in the chromosome,
unwanted scar regions that included the ϕC31 integrase,
the att, p15A and ColE1 sequences were present at both
ends of the integration, one marked with SpR and one with
NmR GmR (Fig. S2). Therefore, a seamless integrant (des-
ignated as RmP3380 or Rm2011ΩNGR69) was constructed
by removing the scar regions via recombination using
sacB negative selection (see the experimental proce-
dures) (Figs. S1 and S2). The co-transduction frequency
(0.153, 46/300) of the spectinomycin (Sp) and Nm/Gm
resistances from RmP3340 into Rm2011ΩNGR69 was not
statistically different from the expected frequency (0.161)
calculated with the modified Wu formula (Sanderson and
Roth, 1988). This suggested that no large deletions were
present in the cloned ETR region present in the S. meliloti
chromosome. Subsequent whole-genome sequencing
confirmed the presence of the complete S. fredii NGR234
ETR region, and unpublished RNA-seq data showed that
the genes of the S. fredii ETR region were expressed in
the S. meliloti host.

Sinorhizobium meliloti Rm2011 derivatives that contain
the ΩNGR69 insertion but lack pSymA (RmP3409
or Rm2011ΩNGR69 ΔpSymA), pSymB (RmP3413 or
Rm2011ΩNGR69 ΔpSymB) or pSymA + pSymB (RmP3414 or
Rm2011ΩNGR69 ΔpSymAB) were made as described
in the experimental procedures. The removal of pSymB

was confirmed based on the inability to grow with
protocatechuate (PCA) (MacLean et al., 2006), maltitol
(Ampomah et al., 2013), succinate (Finan et al., 1988),
glycerol (diCenzo et al., 2014), melibiose (54),
hydroxyproline (MacLean et al., 2009) or taurine
(Mostafavi et al., 2014) as carbon sources, thiamine
auxotrophy (Finan et al., 1986), and a requirement for
cobalt supplementation of Luria–Bertani (LB) (Cheng
et al., 2011) (data not shown). Further confirming the
proper expression of the S. fredii ETR region, the
Rm2011ΩNGR69 ΔpSymB and Rm2011ΩNGR69 ΔpSymAB
strains were able to grow with L-arabinose as the sole
carbon source, unlike our previous ΔpSymB (RmP3009)
and ΔpSymAB (RmP2917) strains that lack the ETR
region, as the transport and catabolism of L-arabinose is
located within the ETR region (data not shown) (Poysti
et al., 2007; diCenzo et al., 2014). Additionally, integration
of the entire ETR region into the chromosome alleviated
part of the growth and density defects observed in LBmc
when pSymB is removed from S. meliloti (Table 1 and data
not shown).

Re-introduction of pSymA and pSymB into
Rm2011ΩNGR69 ΔpSymAB

To use Rm2011ΩNGR69 ΔpSymAB as a platform for forward
genetic analyses of SNF, it was necessary to establish that
SNF can be restored to this strain. Therefore, the protocol
of Nogales and colleagues (2013) was used to transfer the
entire pSymA and/or pSymB replicons back into this strain.
This involved mobilizing these replicons from S. meliloti
Rm5000 [rifampicin (RifR), SmS] (Finan et al., 1984)
through overexpression of rctB, whose protein product
negatively modulates the activity of the conjugal repressor
protein RctA (Pérez-Mendoza et al., 2005; Blanca-
Ordóñez et al., 2010; Nogales et al., 2013). By selecting

Table 1. Growth rates (h) of the replicon-cured and replicon-re-
introduced strains.

Strain
name Genotype LBmc

M9
sucrose

Rm2011 Rm2011 wild type 1.9 (0.1) 3.6 (0.1)
SmA818 Rm2011 ΔpSymA 1.7 (0.1) 3.3 (0.1)
RmP3009 Rm2011 ΔpSymB 4.4 (0.2) 6.7 (0.2)
RmP2917 Rm2011 ΔpSymAB 3.2 (0.1) 5.3 (0.1)
RmP3380 2011ΩNGR69 2.0 (0.1) 3.5 (0.2)
RmP3409 2011ΩNGR69 ΔpSymA 1.6 (0.1) 3.3 (0.2)
RmP3413 2011ΩNGR69 ΔpSymB 3.7 (0.1) 6.3 (0.3)
RmP3414 2011ΩNGR69 ΔpSymAB 2.5 (0.1) 5.0 (0.2)
RmP3501 2011ΩNGR69 ΔpSymAB + pSymA 2.9 (0.1) 5.4 (0.4)
RmP3502 2011ΩNGR69 ΔpSymAB + pSymB 1.7 (0.1) 3.4 (0.1)
RmP3503 2011ΩNGR69 ΔpSymAB + pSymAB 1.7 (0.1) 3.4 (0.1)

Values represent the average of triplicate samples with the standard
deviation presented in parentheses. Growth rates were calculated
between OD600 values of 0.1 and 0.3 for LBmc, and between 0.1 and
0.5 for M9 sucrose.
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transconjugants based on carbon and vitamin phenotypes
(see the experimental procedures), we were able to select
for the gain pSymA and/or pSymB replicons that were not
genetically modified. The pSymA and/or pSymB replicons
were transferred to both Rm2011ΩNGR69 ΔpSymAB
(RmP3414) and our original Rm2011 ΔpSymAB strain
(RmP2917) (diCenzo et al., 2014). Transconjugants were
obtained at a frequency of 10−2 to 10−3 per recipient,
and 10−3 to 10−5 per donor. The genotypes of all
transconjugants expected to carry either pSymA, pSymB
or both were confirmed with whole-genome sequencing. In
all cases, mapping the reads to the reference S. meliloti
Rm2011 genome (Sallet et al., 2013) indicated that no
deletions were present on the transferred pSymA and
pSymB replicons. Inoculating alfalfa plants with the
Rm2011ΩNGR69 ΔpSymAB transconjugants revealed that
introduction of pSymA was sufficient to restore the Nod+

phenotype, although the strain remained Fix−, whereas
re-introduction of both pSymAand pSymB fully restored it’s
symbiotic capabilities (Table 2). Thus, Rm2011ΩNGR69

ΔpSymAB can serve as an appropriate genomic back-
ground for forward genetic analyses of SNF.

A second objective of re-introducing pSymA and
pSymB into both Rm2011ΩNGR69 ΔpSymAB (RmP3414)
and Rm2011 ΔpSymAB (RmP2917) was to construct
strain sets with highly isogenic chromosomal back-
grounds. Analysis of the genome sequences for the origi-
nal Rm2011, ΔpSymA (SmA818), ΔpSymB (RmP3009)
and ΔpSymAB (RmP2917) strain set revealed numerous
polymorphisms between the strains (Table S1), many of
which separate Rm2011 and ΔpSymB from ΔpSymA and
ΔpSymAB. In contrast, only four polymorphisms were
found between ΔpSymAB and the ΔpSymAB derivatives
with pSymA, pSymB or both re-introduced (Table S2).
Strains resulting from the reintroduction of the replicons
into Rm2011 ΔpSymAB or Rm2011ΩNGR69 ΔpSymAB
showed growth profiles distinct from the equivalent strains
made through replicon removal from Rm2011 (strains
RmP3380, RmP3409, and RmP3413 versus strains
RmP3501-RmP3503 in Table 1).

Symbiotic phenotypes of the pSymA and pSymB
deletion library mutants

To delineate the pSymA and pSymB regions that carry
single-copy genes essential for symbiosis, we screened
strains from our previously constructed deletion mutant
library (Milunovic et al., 2014) for their symbiotic pheno-
types with alfalfa (Table 2 and Fig. 3). Collectively, the
deletions employed in this study removed 97.5% of pSymA
and 95.7% of pSymB. The majority of the un-deleted DNA
is in close proximity to either the oriVs of pSymA or pSymB
or one of the essential pSymB genes. The rest is present as
0.6–2 kb gaps between the deletions.

For the pSymA megaplasmid, 21 deletion mutants were
screened and only four deletions were found to be either
Nod+ Fix− or Nod− Fix− (ΔA116, ΔA117, ΔA118 and ΔA121
in Table 2 and Fig. 3A). These four deletions covered two
contiguous regions spanning a total of ∼ 156 kb, or < 12%
of pSymA. The phenotypes of these four deletion mutants
were not surprising as they lost nod, nif or fix genes
known to be essential for SNF (Rosenberg et al., 1981;
Batut et al., 1985; Barnett et al., 2001). The other 17 dele-
tions were statistically indistinguishable from the wild type
RmP110. These results were used to guide construction
of two new larger deletions (ΔA301 and ΔA303), which
flank the essential symbiotic regions, by combining some
of the Fix+ deletions. These deletions were ∼ 116 kb and
∼ 354 kb, or ∼ 8.6% and ∼ 26.2% of pSymA, and neither
showed a symbiotic defect with alfalfa based on shoot dry
weight (Table 2 and Fig. 3A).

In our analysis of pSymB, 15 deletion mutants were
examined on alfalfa. Three of these (ΔB108, ΔB109 and
ΔB123 in Table 2 and Fig. 3B), forming two contiguous
regions spanning a total of ∼ 196 kb, or < 12% of pSymB,
were not surprisingly found to be Nod+ Fix− as they
encompass exo or dct genes known to be required for an
effective symbiosis (Finan et al., 1986; 2001; Watson
et al., 1988). The remaining 12 pSymB deletion strains
were all Nod+ Fix+, although five deletion mutants (ΔB106,
ΔB107, ΔB116, ΔB118 and ΔB180) repeatedly showed
moderate symbiotic phenotypes and one (ΔB122) showed
a severe phenotype. Based on the results of this screen,
a novel deletion strain (ΔB201) was constructed that lacks
∼ 748 kb or ∼ 44.4% of pSymB. Despite lacking nearly half
of pSymB, ΔB201 was Nod+ Fix+ with only a slight shoot
dry weight phenotype on alfalfa (Table 2 and Fig. 3).

Discussion

In this study, we constructed a S. meliloti derivative with the
69 kb ETR region from S. fredii NGR234 integrated into its
ancestral location in the S. meliloti chromosome. The deci-
sion to clone the ETR region from S. fredii NGR234 was
guided by a phylogenetic analysis of this gene region
(Fig. 1). While performing the phylogenetic analysis, two
interesting observations were noted that held true regard-
less of whether the phylogeny was constructed with the
EngA protein sequence, the engA DNA sequence or 16S
rDNA sequences (Figs 1 and S3). First, in all phylogenies,
the translocation of the ETR region to the pSymB ancestor
corresponds with the divergence of the Sinorhizobium into
two unique clades. Whether this is representative of the
translocation having an evolutionary effect or is simply a
coincidence remains unclear. Nevertheless, the unique
genomic location of the ETR region in these two lineages
means that it may be an ideal locus for further examination
on the distinct evolutionary forces acting on each replicon
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Table 2. Alfalfa shoot dry weights (SDW) of plants inoculated with S. meliloti strains.

pSymA deletion library pSymB deletion library Replicon re-introduction

Strain Deleted region (nt)
Average SDW
(% RmP110) Strain Deleted region (nt)

Average SDW
(% RmP110) Strain

Average SDW
(% RmP110)

RmP110-1 N/A 100 (22) RmP110-2 N/A 100 (14) RmP110-1 100 (22)
dme tmea N/A 18 (9)d dme tmea N/A 15 (4)d dme tmea 18 (9)d

ΔA160 10 988–184 519 95 (16) ΔB154c 62 137–100 636 74 (11) Rm2011 125 (11)
ΔA106 186 200–250 917 103 (36) ΔB141 101 396–466 499 88 (3) Rm2011ΩNGR69 ΔpSymABb 16 (2)d

ΔA109 251 809–311 877 106 (7) ΔB165 122 108–762 942 94 (31) Rm2011ΩNGR69 ΔpSymAB + pSymAa 24 (11)d

ΔA112 308 586–347 789 96 (10) ΔB180 635 940–869 642 57 (15)d Rm2011ΩNGR69 ΔpSymAB + pSymBb 19 (4)d

ΔA116a 313 654–458 916 27 (11)d ΔB106 870 505–1 091 104 69 (18)d Rm2011ΩNGR69 ΔpSymAB + pSymABb 157 (35)d

ΔA117a 402 136–458 916 20 (4)d ΔB107 1 092 289–1 129 758 63 (12)d

ΔA118b 459 668–505 335 18 (4)d ΔB108a 1 131 168–1 169 073 15 (4)d

ΔA119 507 338–575 671 89 (17) ΔB109a 1 170 466–1 204 770 13 (2)d

ΔA120 577 241–623 673 92 (13) ΔB112 1 207 052–1 224 621 87 (38)
ΔA121a 624 863–677 157 18 (5)d ΔB116 1 256 503–1 307 752 63 (25)d

ΔA122 678 150–726 673 103 (28) ΔB118 1 323 078–1 528 150 64 (7)d

ΔA123 727 921–774 293 121 (19) ΔB122 1 529 711–1 572 422 32 (3)d

ΔA124 775 476–828 417 124 (36) ΔB123a 1 529 711–1 652 558 17 (3)d

ΔA125 830 143–879 960 94 (25) ΔB124 1 654 191–1 677 882 104 (3)
ΔA127 881 169–930 000 104 (29) ΔB161c 1 679 723–49 523 75 (14)
ΔA128 927 009–1 063 642 101 (11) ΔB201 122 108–869 642 79 (17)
ΔA129 1 064 644–1 122 176 97 (15)
ΔA130 1 123 504–1 173 115 104 (5)
ΔA131 1 173 730–1 231 998 90 (8)
ΔA132 1 232 916–1 283 082 97 (14)
ΔA133 1 284 751–1 348 238 100 (25)
ΔA301 507 338–623 673 94 (36)
ΔA303 47 717–402 136 115 (21)

Values represent the average of triplicate samples with the standard deviation presented in parentheses. All deletion library mutant strains were screened on alfalfa at least two independent times,
and values from one trial per strain are shown. Plasmid re-introduction strains were screened on plants once. Absolute weights (mg per shoot) of wild-type controls: RmP110-1 – 20.9 (4.7);
RmP110-2 – 36.1 (8.2).
a. Nod+ Fix−.
b. Nod− Fix−.
c. In the second trial, average weight of these plants was > 80% of the RmP110 control.
d. Statistically different from the appropriate RmP110 control as determined via an ANOVA followed by a Duncan’s post hoc test with an alpha level of 0.05. See Tables S5–S7 for statistical
groupings.
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in a multipartite genome (Cooper et al., 2010; Galardini
et al., 2013). Second, E. adhaerens repeatedly diverged
from the nitrogen fixing Sinorhizobium at the base of the
phylogeny, consistent with Ensifer and Sinorhizobium
referring to closely related, but distinct, sister taxa. Both of
these findings are well supported by previously con-
structed phylogenies using multi-locus sequence analyses
(Martens et al., 2007; 2008; Degefu et al., 2012; Rudder
et al., 2014; Mousavi et al., 2015), as well as by
phylogenomic analyses (Fig. S4) (Ormeño-Orrillo et al.,
2015).

Throughout this study, we worked with strains that were
genotypically wild type, ΔpSymA, ΔpSymB or ΔpSymAB,
made either through the removal of the appropriate
replicon(s) from the wild type or through re-introduction of
the desired replicons back into the ΔpSymAB strain. We
were surprised to find that the growth phenotype of geno-
typically equivalent strains displayed distinct growth rates
(strains RmP3380, RmP3409 and RmP3413 versus
strains RmP3501–RmP3503 in Table 1). This was particu-
larly evident in comparing wild type versus ΔpSymA and
ΔpSymB versus ΔpSymAB. Whereas the strains produced
through replicon re-introduction are highly isogenic

(Table S2), the strains produced through replicon removal
carry numerous polymorphisms (Table S1). Thus, it is likely
that the growth differences among the equivalent strains
produced through replicon re-introduction should solely
reflect the effect of the presence/absence of pSymAand/or
pSymB. In contrast, a portion of the growth rate differences
among the wild-type, ΔpSymA, ΔpSymB and ΔpSymAB
strains produced through replicon removal can likely be
explained by the chromosomal polymorphisms, highlight-
ing the importance of ensuring chromosomal homogeneity
when comparing phenotypes between strains. Moreover,
we observed that strains lacking pSymB grew faster
(Table 1) and to a higher density in LBmc medium, but not
M9 sucrose medium, if they carried the ETR region inte-
grated into the chromosome. Given that this phenotype
was specific to the complex medium (Table 1), and that the
growth of pSymB-cured strains is carbon limited in LBmc
(Fei et al., 2016), we speculate this phenotype is due to the
ETR region allowing the catabolism of additional, preferred
carbon sources in the LBmc medium, such as L-arabinose
(Poysti et al., 2007).

We effectively generated quantitative symbiotic shoot
dry weight data for more than 2500 pSymA and pSymB

Fig. 3. Schematic representation of the location of the deletions in the mutants screened on alfalfa. Circular maps of the pSymA (A) and
pSymB (B) replicons of S. meliloti. The inner circle represents either pSymA or pSymB, with individual lines corresponding to annotated
genes. The solid outer lines highlight the position of the respective deletions. The deletions are colour coded based on their symbiotic
phenotypes, as indicated at the bottom of the figure. Red indicated alfalfa plants inoculated with the deletion had a shoot dry weight less than
or equal to that of plants inoculated with the Fix− control (dme tme), whereas blue indicates the shoot dry weight of inoculated alfalfa was
≥ 100% of plants inoculated with RmP110. Several relevant loci are indicated along the inner circle, with shorthand notation referring to gene
clusters as follows. fix-1: fixI2,N3,O3,P3,Q3,S2. fix-2: fixK2,N2,O2,P2,Q2,T2. fix-3: fixA-C,U,X. fix-4: fixG,H,I1,J,K1,L,M,N1,O1,P1,Q1,S1,T.
nif: nifA,B,D,E,H,K,N,X. nod-1: nodD2,L. nod-2: nodA-C,D1,D3,E-J,M,NP1,Q1. syr: syrA,M,B3. nos: nosD,F,L,R,X-Z. nap: napA-F, nnrR.
nir-1: nirV,K. nir-2: nirB,D. nor: norB-E,Q. rht/rhb: rhtX,A, rhbA,C-F. cbb: cbbA,F,L,P,R,S,T,X, pqqA-E. exp: wgeA-H, wgdA,B, wggR, wgcA,
wgaA,B,D-J. exs: exsA-I. exo: exoA,B,F1,H,I,K-Q,T-Z. cyo: cyoA-D. dct: dctA,B,D. thi: thiC,O,G,E.
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genes through screening the deletion library mutants for
their symbiotic effectiveness with alfalfa. All single-copy
genes essential for N2-fixing symbiosis with alfalfa on
pSymA and pSymB were present in a total of four regions
accounting for less than 12% of these replicons (Table 2
and Fig. 3), and all of these phenotypes were expected
based on the presence of known SNF genes (Rosenberg
et al., 1981; Batut et al., 1985; Finan et al., 1986; Watson
et al., 1988). The lack of additional symbiotic genes is
largely consistent with previous work (Charles and Finan,
1991; Yurgel et al., 2013), although these other studies
did not provide quantitative data for all the deletions, thus
preventing comparison of intermediate phenotypes. The
one exception was phoCDET on pSymB that was initially
identified as being essential for SNF (Charles and Finan,
1991; Bardin et al., 1996), which follow-up work showed
to be dependent on a pstC mutation in Rm1021 that is
corrected in RmP110 (our wild type) (Yuan et al., 2006).
None of the other pSymA deletion derivatives, even those
removing up to ∼ 25% of pSymA, showed a symbiotic
phenotype statistically indistinguishable from the wild type
(Fig. 3 and Table 2). In contrast, many of the Fix+ pSymB
deletion mutants displayed moderate, but noticeable,
symbiotic defects on alfalfa (Fig. 3 and Table 2). Only one
deletion (ΔB122) showed a severe shoot dry weight phe-
notype, and we are currently following up on the genetic/
biochemical basis for this phenotype.

The phenotypes of the 32 Fix+ deletion mutants have
some interesting implications in relation to S. meliloti
genome evolution and the genomics of SNF. The lack of
phenotypes suggest that aside from the classical symbiotic
genes, pSymA-encoded genes are generally not directly
involved in nitrogen fixation. However, many are likely to
contribute to the nodule occupancy competiveness of
S. meliloti (Pobigaylo et al., 2008) or provide host-specific
benefits not detected on alfalfa (Ardourel et al., 1995;
diCenzo et al., 2015). This could potentially explain, in part,
the high variability in the gene content of pSymA in various
nodule isolates (Epstein et al., 2012; Galardini et al.,
2013); most pSymA genes provide little global symbiotic
advantage and so are gained or lost as necessary to better
compete for nodule occupancy and to improve N2 fixation
in each individual environment. In contrast, the gene
content of pSymB is more strongly conserved than that of
pSymA (Epstein et al., 2012; Galardini et al., 2013), and
encodes a number of ‘core’ enzymes and pathways that
are expected to contribute to the fitness of both free-living
and symbiotic S. meliloti (Finan et al., 2001). Thus, we
expect that most of the moderate symbiotic phenotypes
(shoot dry weights between 50% and 70% of the wild type)
associated with the pSymB deletion mutants (ΔB106,
ΔB107, ΔB116, ΔB118 and ΔB180) can be attributed to the
loss of such ‘core’ genes that have been recruited to fulfil a
need during symbiosis. Overall, we interpret the results of

these symbiotic assays as suggesting that gain of the
classical symbiotic genes is sufficient to confer SNF capa-
bilities. Universal improvements in this symbiosis then
occur primarily through adaptive evolution of the chromo-
somal backbone (Marchetti et al., 2010), better integration
of core genes into symbiotic regulons and evolution of the
symbiotic genes, whereas further gene gain largely pro-
vides environment- or symbiosis-specific enhancements.

There were two primary objectives of this work. The
first was to construct a strain (Rm2011ΩNGR69 ΔpSymAB)
that could effectively be used in forward genetic analysis
of SNF, particularly for the identification of the minimal,
horizontally acquired, N2-fixing symbiotic gene set. This
constructed strain overcomes the primary complication
of attempting to perform such work in a species that
does not naturally participate in SNF. That is, there are
many possible explanations of a negative result, i.e. lack
of SNF following introduction of a suite of SNF genes
into a SNF-naïve species, making interpretation and
problem shooting difficult. These interpretations include
that not all the genes are expressed, that all essential
SNF genes were not introduced or that the full set of
dedicated symbiotic genes is present and expressed but
housekeeping chromosomal genes are not properly inte-
grated into the symbiotic regulons. These issues are
avoided by using the Rm2011ΩNGR69 ΔpSymAB strain
reported here, which was engineered to contain all chro-
mosomal S. meliloti genes (the chromosome and the
ETR region) while lacking the rest of the horizontally
acquired pSymA and pSymB replicons. We showed that
re-introduction of all ∼ 2900 genes of pSymA and pSymB
into Rm2011ΩNGR69 ΔpSymAB can transform this strain
into a fully effective symbiont of alfalfa (Table 2). In
essence, this serves as a positive control and means
that the only explanation for the lack of an effective sym-
biosis following the re-introduction of a subset of these
2900 genes is the absence of at least one necessary
symbiotic gene.

An alternative approach would be to isolate a natural
non-symbiotic strain of a rhizobial species from soil, as
such strains can be prevalent and transfer of the symbi-
otic plasmid/island from strains of the same species can
confer SNF (Segovia et al., 1991; Sullivan et al., 1995).
However, using the strain reported here has advantages.
These non-symbiotic rhizobia usually only lack the most
recently acquired symbiotic plasmid or island while retain-
ing more ancestral plasmids required for SNF (like
pSymB), thus lacking fewer genes than Rm2011ΩNGR69

ΔpSymAB. This could hinder some subsequent analyses;
as an example, it would result in a smaller number of
genes identified as required for the minimal SNF gene set.
Additionally, we are unaware of S. meliloti strains lacking
the symbiotic plasmid that have been naturally isolated
from the environment or any method to select for such
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strains, although such strains may exist (Trabelsi et al.,
2009). Importantly, the large number of genetic/genomic
manipulation techniques and the large number of avail-
able resources, such as the deletion library, facilitate
studies using the model S. meliloti strain Rm2011/1021
rather than another soil isolate for which genetic/genomic
techniques are not developed.

The second objective was to delineate the location of the
single-copy pSymA and pSymB genes essential for sym-
biosis, which will serve as our preliminary target for the
minimal symbiotic genome. Identification of the minimal
symbiotic gene complement would ensure that we are
aware of all genes necessary for the establishment of a
N2-fixing symbiosis. Once identified, the construction
of a broad host range plasmid carrying these genes
could contribute to the development of ‘personalized
bioinoculants’. A primary cause of the failure of rhizobial
inoculants to significantly improve legume crop growth
is the failure of these inoculants to compete well
in the soil/rhizosphere with the indigenous microbiome
(Archana, 2010). This often results in the inoculants being
unable to establish a good foothold in the soil microbiome,
and they often fail to persist in the population over long
periods. This problem could be overcome by isolating the
major members of an individual field, transferring the sym-
biotic genes to this organism and re-introducing this strain
to the field (Geddes et al., 2015). Additionally, a S. meliloti
strain with just the minimal SNF gene set would represent
a stripped-down version of a rhizobium, and would serve
as a valuable platform for screening environmental
metagenomic libraries for the identification of SNF-
promoting genes, including genes contributing to improved
N2 fixation, nodule competitiveness, etc. The data reported
here suggest that all single-copy genes essential or highly
important for SNF on pSymA and pSymB can be localized
to just 350 kb. However, it remains possible that additional
genes lie within the < 5% of pSymA and pSymB that was
not represented in our screen. Moreover, given the extent
of redundancy within the S. meliloti genome (diCenzo and
Finan, 2015), it is highly likely that essential symbiotic
functions are encoded by duplicate genes and therefore
remained undetected in the current study. Such loci will be
revealed as we continue to reduce the size of pSymA and
pSymB to just the essential 350 kb identified here.

Materials and methods

Media, growth condition, and bacterial strains

All media (LB, LBmc, TY, M9) were prepared as previ-
ously described (diCenzo et al., 2014). The concentration
of the carbon sources in the M9 minimal media was 5 or
10 mM, as described previously (Mauchline et al., 2006).
Most antibiotic concentrations for S. meliloti and E. coli
[streptomycin (Sm), Sp, Nm, Km, tetracycline (Tc), Gm

and chloramphenicol (Cm)] and growth conditions were
as described elsewhere (diCenzo et al., 2014; diCenzo
and Finan, 2015). Antibiotic concentrations for S. fredii
NGR234 were as follows: 50 μ ml−1 Gm, 50 μg ml−1 Km
and 5 μ ml−1 Tc. Rif was added to 50 μ ml−1 for
Sinorhizobium and 20 μ ml−1 for E. coli. Growth curves
were performed and analysed as described before
(diCenzo et al., 2014). Bacterial strains and plasmids are
listed in Table S3.

Genetic manipulations

General DNA manipulations and recombinant techniques,
bacterial conjugation, isolation of genomic S. meliloti DNA
and ΦM12 transductions were performed as previously
described (Finan et al., 1984; Sambrook et al., 1989;
Cowie et al., 2006; Milunovic et al., 2014). Mating spots
for transfer of plasmids to/from E. coli that involved
S. meliloti were performed on LB or LBmc, whereas
mating spots involving S. fredii were performed on TY.
DNA cloning, oligonucleotide sequences (Table S4) and
plasmid construction are described in Appendix S1.

Symbiotic assays

Plant growth experiments were performed largely as
described previously (Yarosh et al., 1989; diCenzo et al.,
2015). Briefly, ∼ 5 × 108 colony-forming units of S. meliloti
were added to each of the sterile Magenta jars containing
six to eight alfalfa (M. sativa cv. Iroquois) seedlings,
quartz sand, vermiculite and Jensen’s medium (Jensen,
1942). Plants were grown for 26–28 days in a Conviron
growth chamber with a day (18 h, 21°C) and night (6 h,
17°C) cycle, and the shoot dry weight was determined
after drying at 55°C for 10 days.

Genome sequencing and analysis

Sinorhizobium meliloti genomic DNA was isolated as pre-
viously described (Cowie et al., 2006). Genomic DNA
samples were sequenced at the Farncombe Family
Digestive Health Research Institute at McMaster Univer-
sity using an Illumina HiSeq. Sequencing reads were
mapped to the Rm2011 reference genome using Geneious
R8 (mapper – Geneious; sensitivity – medium-low
sensitivity/fast; fine tuning – up to five iterations; reads not
trimmed), and the presence/absence of reads mapping to
pSymA/pSymB was examined. Polymorphisms were iden-
tified using the Geneious ‘Find Variations/SNPs’ function
following the mapping of reads to the Rm2011 reference
genome (Sallet et al., 2013).

Sequence analysis of the ETR region

All genome/contig sequences used in this study were
downloaded from the National Center for Biotechnology
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Information (NCBI) Genome database. The borders of the
ETR region in each genome/contig were identified follow-
ing whole-genome alignment with MAUVE using the
progressiveMAUVE algorithm and default settings
(Darling et al., 2010). The sequence corresponding to the
ETR regions in each genome/contig was extracted,
pairwise alignments produced with DoubleACT (http://
www.hpa-bioinfotools.org.uk/pise/double_act.html) and
alignments viewed with the Artemis Comparison Tool
(Carver et al., 2005). Phylogenies of the species of inter-
est were constructed with the MEGA 5.2.2 package
(Tamura et al., 2011), multiple sequence alignments were
constructed with MUSCLE (Edgar, 2004) and phylogenetic
trees were produced from the resulting alignments as
described. All accession numbers for the genomes/
contigs used in this study are listed in Table S5 (Galibert
et al., 2001; González et al., 2006; Reeve et al., 2006;
2010; Schmeisser et al., 2009; Galardini et al., 2011;
Schneiker-Bekel et al., 2011; Schuldes et al., 2012;
Weidner et al., 2012; 2013; Martínez-Abarca et al., 2013;
Sallet et al., 2013; Mora et al., 2014; Rudder et al., 2014;
Toro et al., 2014).

Flp-mediated in vivo cloning of FRT-flanked regions

Two methods were employed. In the first procedure
(Fig. 1A), a single quadriparental mating was performed.
This mating consisted of a helper strain (E. coli MT616),
an E. coli strain carrying a plasmid (pTH1944) that
constitutively expresses flp (Milunovic et al., 2014), a
Sinorhizobium strain with two FRT sites in direct orientation
and RifR E. coli DH5α. In the second method (Fig. 2B), two
consecutive triparental matings were performed. In the first
mating, the plasmid pTH2505 (Zhang et al., 2012), carry-
ing flp under control of a PCA-inducible promoter,
was transferred to the desired Sinorhizobium strain.
The second conjugation included the Sinorhizobium
transconjugant from the first mating, E. coli MT616 and RifR

E. coli DH5α, and was performed on media containing
2.5 mM PCA to induce expression of flp. Regardless of the
method used, the cloned region was isolated as a GmR

KmR circular plasmid in the RifR E. coli DH5α.

Construction of a S. meliloti strain with a landing pad for
the integration of the ETR region from S. fredii NGR234

Plasmid pTH2937 contained two fragments homologous
to the chromosome of S. meliloti Rm2011 (nt. 2 601 218–
2 602 232 and 2 603 745–2 604 747), and these frag-
ments flanked an attB site, the ϕC31 integrase and a
SmR/SpR cassette. This plasmid was conjugated into
S. meliloti Rm2011, SpR single cross-over recombinants
isolated on M9-hydroxyproline with Sp and double cross-
over recombinants identified by screening for a NmS phe-

notype. A double cross-over recombinant was purified and
termed S. meliloti RmP3331.

Construction of S. meliloti strains carrying the S. fredii
NGR234 ETR region

Construction of Rm2011ΩNGR69, including the cloning of the
ETR region and construction of S. meliloti RmP3331, is
represented visually in Figs. S1 and S2. Plasmids
pTH2916, containing a FRT site, and pTH2917, contain-
ing a FRT site and an attB site, were sequentially conju-
gated into S. fredii NGR234. The resulting strain, S. fredii
P3285, contained two FRT sites flanking the ETR region.
The plasmid pTH2505 (Zhang et al., 2012) carrying a
PCA-inducible flp gene was transferred to P3285. A result-
ing transconjugant was used in a triparental mating, per-
formed on TY supplemented with 2.5 mM PCA, with a
Rif-resistant E. coli DH5α and E. coli MT616 (pRK600).
This resulted in the excision of the ETR region from the
S. fredii chromosome as a plasmid (pETR or pTH2938),
the mobilization of pETR by pRK600 and the capture of
pETR in the Rif-resistant DH5α. Plasmid pETR was con-
jugated into S. meliloti RmP3331, and transconjugants
were isolated and purified on LBmc Sm Nm. The resulting
strain (S. meliloti RmP3340) contained the S. fredii
NGR234 ETR region integrated into the attB site in the
chromosome, and the integration was marked by SmR/
SpR on one side and GmR/NmR on the other. The GmR/
NmR scar region was removed through sacB mediated
double cross-over recombination of plasmid pTH2929 as
described previously (Quandt and Hynes, 1993; diCenzo
and Finan, 2015), and the double recombinants
(S. meliloti RmP3362) were confirmed by a TcS GmS NmS

phenotype. The SpR scar region was removed through
sacB-mediated double cross-over recombination of
plasmid pTH2930, and double recombinants [S. meliloti
RmP3380 (Rm2011ΩNGR69)] were confirmed by a TcS SpS

phenotype.
To produce S. meliloti strains carrying the ΩNGR69

integration but lacking pSymA and or pSymB, the SpR

chromosomal insertion of the ETR region in S. meliloti
RmP3362 was transduced into S. meliloti SmA818 (cured
of pSymA) (Oresnik et al., 2000). The SpR scar region was
then removed via pTH2930 as described above, creating
S. meliloti RmP3409 (Rm2011ΩNGR69 ΔpSymA). pSymB
was removed from S. meliloti RmP3380 and RmP3409 as
described previously (diCenzo et al., 2014), creating
S. meliloti RmP3413 (Rm2011ΩNGR69 ΔpSymB) and
RmP3414 (Rm2011ΩNGR69 ΔpSymAB).

Re-introduction of pSymA and/or pSymB into S. meliloti
ΔpSymABΩNGR69

The protocol for the conjugation of pSymA and pSymB
was based on a previously described method involving
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RctB overexpression (Nogales et al., 2013). Plasmid
pTE3Yp028 (also called pTEYp028) (Pérez-Mendoza
et al., 2004) was transferred to S. meliloti Rm5000 (RifR

SmS) (Finan et al., 1984), creating S. meliloti RmP3491.
An overnight culture of S. meliloti RmP3491 was diluted to
an OD600 ∼ 0.06 and grown to OD600 ∼ 0.3. Next, 0.3 OD600

units (i.e. the equivalent of 1 ml at an OD600 of 0.3) of
S. meliloti RmP3491 and of S. meliloti Rm2011ΩNGR69

ΔpSymAB were centrifuged, both pellets re-suspended in
the same 1 ml of LBmc, pelleted and re-suspended in
50 μl LBmc. The entire 50 μl mixture was spotted onto a
LBmc agar plate, with cobalt chloride, and incubated over-
night. Following incubation, the mating spot was
re-suspended in saline, serial diluted and plated on
M9-trigonelline + thiamine Sm, M9-hydroxyproline Sm
and M9-trigonelline Sm to select for Rm2011ΩNGR69

ΔpSymAB cells that had gained pSymA, pSymB or
pSymA + pSymB respectively. Following their isolation,
transconjugants were screened on all three media to
confirm they only contained the desired replicons, and
eventually confirmed through whole-genome sequencing.

Construction of deletion mutants

The majority of the deletion mutant strains used in this
study were constructed previously (Milunovic et al.,
2014), with newly constructed deletions making use of
previously reported deletions and plasmids (Cowie et al.,
2006; Zhang et al., 2012; diCenzo et al., 2013; Milunovic
et al., 2014). ΔB165 was made by transducing ΔB148 into
RmP2720 (ΔB142 with the S. meliloti engA and tRNAarg

genes in the chromosome) and deleting the region
between ΔB142 and ΔB148 with Flp via pTH2505. ΔB201
was constructed by transducing ΔB180 into RmP2720
and deleting the intervening region between ΔB142 and
ΔB180 with Flp via pTH2505. The deletion ΔA301 was
made by transducing pFL1439 from RmFL1439 into
RmP3542 (ΔA119) and deleting the intervening region
with Flp via pTH2505. To prepare the deletion ΔA302, the
pTH2038 plasmid integrant from RmP1052 was
transduced into RmP936 (ΔA106), following which the
region between the pTH1937 plasmid integrant and
ΔA106 was deleted with Flp, via pTH2505. Transducing
the pFL1142 plasmid integrant from RmFL1142 into
RmP3551 (ΔA302) and deleting the region between
pFL1142 and ΔA302 with Flp via pTH2505 produced
ΔA303. All deletions were confirmed with a mix of PCR,
antibiotic resistances and carbon utilization phenotypes.
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