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functions in loss-of-function studies will impair our under-
standing of a broad range of biological processes and limit 
our ability to use synthetic biology in the construction of 
designer cell factories.
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Introduction

Despite significant advances in the annotation of prokary-
otic genomes, a surprisingly large percentage of genes 
remain uncharacterized. As of October 17, 2014, a search 
of the Entrez Gene database (Maglott et al. 2011) with the 
query ‘hypothetical’ returns ~32 % of all prokaryotic genes 
(~2,900,000 of ~8,900,000 entries), of which ~1,750,000 
are returned with a query of ‘conserved hypothetical’. 
Whereas some hypothetical genes may represent artefacts 
of automated genome annotation, many of the conserved 
hypothetical genes are likely to encode true proteins of 
unknown function (Kolker et al. 2004). This uncertainty in 
gene function is reflective of how genome sequencing and 
annotation have outpaced the functional characterization of 
open reading frames and highlights that much is still to be 
discovered about the biology of prokaryotic genes.

One commonly encountered difficulty in the functional 
annotation of genes is an absence of an observable pheno-
type following their disruption. Given that natural selection 
and genetic drift lead to genome streamlining (Lynch 2006; 
Kuo and Ochman 2009; Kuo et al. 2009), and pseudogenes 
are rapidly lost from the genome (Lerat and Ochman 2005), 
it is unlikely that all of the uncharacterized genes truly lack 
a function. While many factors could contribute to a gene’s 
apparent lack of function (e.g., the gene is not expressed 
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in the tested environment), one potential source is genetic 
redundancy within the genome. Genetic redundancy 
refers to the phenomenon whereby two genes or pathways 
are able to functionally complement the loss of the other 
(Zhang 2012). Genetic redundancy at both the pathway and 
single gene level is prevalent within eukaryotic genomes 
and has been extensively studied, particularly in yeast [see 
for example, Saccharomyces cerevisiae (Tong et al. 2001; 
Gu et al. 2003; Costanzo et al. 2010; Li et al. 2010), Caeno-
rhabditis elegans (Tischler et al. 2006), and Homo sapiens 
(Hsiao and Vitkup 2008)]. Such redundancy can mask the 
fitness cost associated with the loss of a particular gene (Gu 
et al. 2003) and may make it difficult to identify the genetic 
determinates involved in a particular pathway through loss-
of-function studies (Cutler and McCourt 2005).

Considering the streamlined nature of prokaryotic 
genomes, it may seem counter-intuitive to expect func-
tionally redundant genes to be prevalent within a bacterial 
genome. Yet, there have been reports of functional redun-
dancy within a broad range of microbial species and func-
tions (for example, see Rabin and Stewart 1992; Belitsky 
et al. 2001; Elliot et al. 2003; Cheng et al. 2007; Xiao and 
Wall 2014). While these reports suggest that genetic redun-
dancy through enzyme functional overlap is present within 
prokaryotic organisms, non-targeted large-scale studies are 
necessary to measure the extent of its prevalence. To date, 
large-scale studies have predominately focused on redun-
dancy of metabolic pathways (Nakahigashi et al. 2009), 
predominately through in silico analyses (Ghim et al. 2005; 
Suthers et al. 2009; Wang and Zhang 2009). Recently, a 
synthetic genetic array was developed for E. coli (Butland 
et al. 2008), and genetic interaction maps have begun to 
be analyzed (Babu et al. 2014). Despite providing signifi-
cant insight into the organism, neither of these approaches 
provides a direct examination of the presence of function-
ally redundant genes. In perhaps the largest examination of 
prokaryotic functionally redundant genes, Thomaides et al. 
(2007) experimentally examined 120 pairs of potentially 
redundant Bacillus subtilis genes identified through a bio-
informatics analysis. These researchers found six pairs of 
redundant essential genes and a pair of redundant biosyn-
thetic genes. However, the targeted nature of this study pre-
cludes reaching conclusions about the genome prevalence 
of genetic redundancy.

Sinorhizobium meliloti is a soil-dwelling, Gram-negative 
α-proteobacterium that enters into N2-fixing endosym-
biosis with several legumes belonging to the genera Med-
icago, Melilotus, and Trigonella. The genome of S. meliloti 
is multipartite, with all natural isolates containing at least 
an ~3.7 Mb chromosome, an ~1.4 Mb megaplasmid, and 
an ~1.7 Mb chromid (Galibert et al. 2001; Guo et al. 2009; 
Epstein et al. 2012). The identification of only two essential 
genes located outside of the chromosome (diCenzo et al. 

2013; Milunovic et al. 2014) and their subsequent integra-
tion into the chromosome (diCenzo et al. 2013) facilitated 
the recent construction of an S. meliloti strain lacking 45 % 
of its genome through the removal of both pSymA and 
pSymB (diCenzo et al. 2014). The presence of this signifi-
cantly reduced genome, accomplished through the removal 
of two out of three unlinked replicons, provided an oppor-
tunity to examine the level of genetic redundancy within 
the S. meliloti genome using a large-scale, non-targeted 
approach.

Here, we report the identification of chromosomal S. 
meliloti insertion mutants whose phenotype was depend-
ent on the presence/absence of pSymA and pSymB (~45 % 
of the genome). Greater than 10 % of all mutations that 
abolished growth on minimal media were located within 
redundant genes. Redundancy was found in pathways for 
central carbon metabolism, transport, and amino acid bio-
synthesis. Characterization of these redundant gene pairs 
provided the first experimental confirmation of the function 
of several genes, adding to our understanding of S. meliloti 
metabolism.

Materials and methods

Media, growth conditions, and bacterial strains

All media [LB, LBmc (LB plus 2.5 mM MgSO4 and 
2.5 mM CaCl2), TY, M9] were prepared as previously 
described (diCenzo et al. 2014). For growth of S. meliloti, 
all complex media (LB, LBmc, TY) were supplemented 
with 2 μM cobalt chloride (Cheng et al. 2011) and the 
M9 minimal medium with 5 μM thiamine–HCl (Finan 
et al. 1986; diCenzo et al. 2014). Antibiotic concentrations 
[streptomycin (Sm), spectinomycin (Sp), neomycin (Nm), 
kanamycin (Km), tetracycline (Tc), gentamicin (Gm), 
and chloramphenicol (Cm)] and growth conditions were 
as described elsewhere (diCenzo et al. 2014). Bacterial 
strains and plasmids are listed in Supplementary Table S1. 
When used as the sole carbon source, sucrose was added 
to a concentration of 10 mM, while glucose and succinate 
were added to 15 mM. When both were present, glucose 
and succinate were added to 10 mM each. Where stated, 
l-proline, l-arginine, and l-ornithine were added at a con-
centration of 1 mM.

Genetic manipulations

General DNA manipulations and recombinant techniques, 
bacterial matings, 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). Where necessary, 
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plasmids were mobilized with the helper strain E. coli 
MT616 (pRK600) (Finan et al. 1986). Unless stated oth-
erwise, cloning of DNA fragments into plasmids was per-
formed with sequence- and ligation-independent cloning 
(SLIC) (Jeong et al. 2012). Oligonucleotides were ordered 
from Integrated DNA Technologies (IDT), and sequenc-
ing was performed by the MOBIX facility at McMaster 
University, Hamilton, Ontario, Canada. Oligonucleotide 
sequences used in this study are listed in Supplementary 
Table S2.

Transposon mutagenesis

The Tn5-B20 transposon (Simon et al. 1989) was trans-
ferred to S. meliloti ΔpSymAB (RmP2917) via the self-
transmissible suicide vector pRK600::Tn5-B20. Transposon 
insertion mutants were selected on TY Sm Nm or LBmc Sm 
Nm and 40 independent matings were performed. Transpo-
son insertion mutants were screened for an inability to grow 
on M9-sucrose and M9-cellobiose. Following the isolation 
of genomic DNA from mutants of interest, the location of 
the insertion was determined by sequencing out from the 3′ 
end of the transposon using the primer ML-1160 and map-
ping reads to the S. meliloti 1021 genome sequence (Galib-
ert et al. 2001) available online at https://iant.toulouse.inra.
fr/bacteria/annotation/cgi/rhime.cgi.

Complementation

A pLAFR1 cosmid library of S. meliloti 1021 genomic 
DNA (Friedman et al. 1982) was mated en masse into S. 
meliloti ΔpSymAB and complemented cells were selected 
for on M9-sucrose Sp Tc. Transconjugants were purified 
and complementing clones were conjugated into E. coli via 
a triparental mating with E. coli MT616 and rifampicin-
resistant E. coli DH5α. Transconjugants were selected on 
either LB Rif (20 μg/uL) Tc or LB Tc and recovered on 
LB Tc at a frequency of ~10−8/donor and ~10−8/recipient. 
Cosmids were re-introduced into the appropriate S. meliloti 
ΔpSymAB transposon insertion mutant and screened 
for growth on M9-sucrose to confirm the complementa-
tion. The boarder ends of the S. meliloti DNA insert in the 
complementing pLAFR1 cosmids were identified through 
Sanger sequencing with primers P128 and P129.

Growth curves

Cultures grown in LBmc were washed once using carbon-
free M9 medium, then resuspended and diluted into the M9 
medium in which the growth curve was to be performed. 
All strains were grown in triplicate in 96-well microtitre 
plates. Growth conditions and analysis were as previously 
described (diCenzo et al. 2014).

Construction of pTH2919, a TcR sacB vector

To construct a TcR sacB vector, the GmR gene was removed 
from pJQ200mp18 (Quandt and Hynes 1993) through 
digestion with EcoRV and ApaLI. The TcR gene from 
pBBR1mcs-3 (Kovach et al. 1995) was PCR amplified with 
the primers DF001 and DF002, and introduced into the 
EcoRV-/ApaLI-digested pJQ200mp18, creating pTH2919.

Construction of plasmids for allelic replacement

Plasmids pTH2982 and pTH2983 were constructed to 
replace sma0235 and smb20003, respectively, with the 
gentamicin resistance gene aacC4. ~500 nucleotide frag-
ments upstream and downstream of sma0235 (primers: 
DF003/DF004 and DF005/DF006) and smb20003 (prim-
ers: DF007/DF008 and DF009/DF010) were PCR ampli-
fied, and each pair was simultaneously cloned into XbaI-
digested pTH2919, resulting in plasmids pTH2978 and 
pTH2979, respectively. These plasmids were digested with 
SwaI and ligated with a DNA fragment encoding aacC4, 
which was PCR amplified from pHP45Ωaac (Blondelet-
Rouault et al. 1997) using the primer DF011, resulting in 
the plasmids pTH2982 and pTH2983, respectively.

Construction of double deletions

To delete pSymA or pSymB genes that were putatively 
redundant with a chromosomal gene, GmR double recom-
binants of pTH2982 and pTH2983 into S. meliloti Rm2011 
and the appropriate Rm2011 Tn5-B20 insertion mutants 
(pTH2982 into edd::Tn5-B20, pTH2983 into proC::Tn5-
B20) were isolated. Plasmids were transferred into the 
appropriate recipient through a triparental mating on LB, and 
single recombinants were selected for on TY Sm Gm. Dou-
ble recombinants were identified by screening for Tc sensi-
tivity and for growth on LB Gm and on LB + 8 % sucrose.

Construction of pTH2987

pTH2987 was constructed to express argH2 in trans in 
S. meliloti. The coding region of argH2 was PCR ampli-
fied from S. meliloti Rm2011 genomic DNA with primers 
DF012 and DF013, and was inserted into PacI-digested 
pTH1931 (diCenzo et al. 2013), where argH2 expression 
was driven from the Ptrc promoter.

Sequence analysis

Nucleotide identity and amino acid similarity were deter-
mined following a global alignment of two sequences 
using the LALIGN algorithm provided on the ExPASy web 
server (Huang and Miller 1991; Gasteiger et al. 2003).

https://iant.toulouse.inra.fr/bacteria/annotation/cgi/rhime.cgi
https://iant.toulouse.inra.fr/bacteria/annotation/cgi/rhime.cgi
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Results

Isolation of transposon insertions within redundant loci

To uncover redundancy between functions encoded on 
the pSymA or pSymB replicons and the chromosome, 
we sought to identify mutations whose phenotype was 
dependent on genome content. The experimental work-
flow is summarized in Fig. 1. ~9,300 Mutants from mul-
tiple Tn5-B20 metageneses of S. meliloti ΔpSymAB 
(ΔRmP2917) were screened for growth on M9-sucrose 
and M9-cellobiose, and 73 (~0.8 %) failed to grow on 
both media. Recombination via transduction of all 73 
Tn5-B20 insertions back into S. meliloti ΔpSymAB 
showed linkage of the insertion with the inability to 
grow on M9-sucrose. At the same time, all 73 Tn5-B20 
insertion mutations were recombined into the wild-
type S. meliloti Rm2011 and screened for growth on 
M9-sucrose. Recombinants from 12 of the 73 crosses 
with S. meliloti Rm2011 grew on M9-sucrose. Recom-
bination of these 12 NmR insertions back into S. meliloti 
Rm2011 and ΔpSymAB confirmed that these 12 inser-
tions prevented growth on M9-sucrose only in the 
absence of pSymA and pSymB (Fig. 2). The 12 trans-
poson insertions were found to be located within seven 
unique genes (edd, proC, argH1, aglE, glgB1, pgk, 
argD) via DNA sequencing (Fig. 3). Below, we summa-
rize our characterization of the putatively redundant loci, 
and in many cases the identification of the redundant 
pSymA/pSymB loci. For the latter, we utilized a cosmid 
library carrying DNA from wild-type S. meliloti (Fried-
man et al. 1982) as well as a library of strains in which 
defined regions from pSymA or pSymB were deleted 
(Milunovic et al. 2014).

6-phosphogluconate dehydratase (edd)

Cosmids carrying a 21 kb region from nucleotide 125,586 
to 147,721 of pSymA (note, all nucleotide positions 
for cosmid inserts and deletions are given relative to the 
Rm1021 reference genome) were found to complement the 
edd-1::Tn5-B20 allele. Confirming that the locus redun-
dant with edd was located within this region, the introduc-
tion of the pSymA deletion ΔA105 (nt: 125,128–184,519) 
into RmP3099 (Rm2011, edd-1::Tn5-B20) resulted in 

Fig. 1  Schematic representation of the experimental workflow. a 
A Tn5-B20 random insertion mutant library (represented by the 
arrowheads) of S. meliloti ΔpSymAB (RmP2917) was constructed. 
b The mutant library was replica plated (patched) on M9-sucrose, 
M9-cellobiose, and LB. Mutants unable to grow on M9-sucrose and 
M9-cellobiose were identified, as indicated by the dashed boxes. 
c The Tn5-B20 insertions from the mutants unable to grow on both 
minimal media were recombined (transduced) into naïve S. meliloti 
ΔpSymAB and wild-type S. meliloti Rm2011. d These recombinants 
were screened for the ability to grow on M9-sucrose. Transposon 
insertions resulting in no growth on M9-sucrose only in the absence 
of pSymA and pSymB were identified, as indicated by the dashed 
boxes. The location of these transposon insertions was determined 
via Sanger sequencing, as they were putatively located in genes 
with a redundant copy on pSymA/pSymB. e The loci on pSymA/
pSymB that complemented the phenotypes of the transposon inser-
tions were identified using two methods. S. meliloti ΔpSymAB trans-
poson mutants were complemented with a genomic DNA cosmid 
library, as represented by the small circle. Additionally, S. meliloti 
Rm2011 transposon mutants were combined with large-scale dele-
tions on pSymA/pSymB, as represented by the dashed arch adjacent 
to pSymB. a–e Chr chromosome, pA pSymA, pB pSymB

▸
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extremely poor growth on M9-sucrose (data not shown). 
The most likely candidate gene to be redundant with 
edd within the 21 kb region of the complementing cos-
mids was sma0235 [51.3 % nt identity to edd, 51.5 % aa 
(amino acid) similarity], annotated as a dihydroxy-acid 
dehydratase and 6-phosphogluconate dehydratase by 

InterPro (Hunter et al. 2012). Indeed, deletion of sma0235 
in RmP3099 resulted in little growth on M9-sucrose, while 
growth was indistinguishable from wild type on M9-succi-
nate (Fig. 4a, b).

Pyrroline-5-carboxylate reductase (proC)

Complementation of S. meliloti RmP3104 (ΔpSymAB, 
proC-1::Tn5-B20) led to the isolation of clones carrying 
a 23 kb (nt: 1,669,658–9,262) region from pSymB. Intro-
duction of the pSymB deletion ΔB181 (nt: 1,679,723–
49,523) into RmP3103 (Rm2011, proC-1::Tn5-B20) 
resulted in no growth on M9-sucrose (data not shown), 
localizing the complementing locus to a 13 kb region. 
The smb20003 gene (49.7 % nt identity to proC, 46.5 % 
aa similarity) within this region is annotated as a pyr-
roline-5-carboxylate reductase, as is proC. Deletion of 
smb20003 in RmP3103 precluded growth on M9-sucrose 
unless supplemented with l-proline, l-ornithine, or l-argi-
nine (Fig. 4c, d).

Argininosuccinate lyase (argH1)

There are two annotated copies of argH in the S. meliloti 
genome; argH1 is on the chromosome and argH2 (53.7 % 
nt identity to argH1, 68.5 % aa similarity) is on pSymB. 
Both were isolated on separate cosmids following com-
plementation of S. meliloti RmP3110 (ΔpSymAB, argH1-
1::Tn5-B20). No growth in M9-sucrose was observed 
when argH2 was removed from RmP3109 (Rm2011, 
argH1-1::Tn5-B20) through the introduction of the 
pSymB deletion ΔB145 (nt: 635,940–744,320) (Fig. 4e). 
Growth on M9-sucrose was recovered following l-argi-
nine supplementation (Fig. 4e). Furthermore, expression 
of the argH2 gene in trans from pTH1931 complemented 
the arginine auxotrophy of RmP3242 (P3109, ΔB145) 
(Fig. 4e).

α-glucosides periplasmic substrate binding protein (aglE)

RmP3108 (ΔpSymAB, aglE-1::Tn5-B20) does not 
grow on sucrose (Fig. 2), but this strain grows well 
with cellobiose and glucose as carbon sources (data not 
shown). Complementation of the sucrose growth phe-
notype of S. meliloti RmP3108 identified library clones 
carrying a 26 kb region (nt: 327,602–354,008) from 
pSymB. Introduction of the pSymB deletion ΔB182 (nt: 
122,108–466,499) into RmP3107 (Rm2011, aglE::Tn5-
B20) confirmed the redundant locus to be within this 
region (data not shown). Located within this region is 
the thu ABC transporter, involved in uptake of several 
α-glucosides (Jensen et al. 2002). As it has previously 
been shown that the thu transporter is redundant with 

Fig. 2  Twelve transposon insertions, located within seven unique 
genes, prevented growth of S. meliloti on M9-sucrose agar plates 
in S. meliloti ΔpSymAB (RmP2917), but not Rm2011 (wild type). 
Pictures of the growth of representative alleles are shown. S. meliloti 
Rm2011 and the corresponding Tn5-B20 insertion mutants were 
incubated for 4 days, while S. meliloti ΔpSymAB and the corre-
sponding Tn5-B20 insertion mutants were incubated for 5 days

Fig. 3  The genomic location of the genes and deletions of interest 
in this study. Black arrowheads indicate the locations of genes dis-
rupted by a Tn5-B20 transposon. Gray arrowheads signify the posi-
tion of pSymA of pSymB genes able to complement the disruption 
of chromosomal genes. The dotted curved lines indicate the regions 
of pSymA and pSymB removed in the deletions used in this study. 
The position of the oriC of the chromosome, repA1 on pSymB, and 
repA2 on pSymA are pointed out for reference. Chr chromosome, pA 
pSymA, pB pSymB
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the agl ABC transporter for sucrose uptake (Willis and 
Walker 1999; Jensen et al. 2002), this redundancy was 
not further studied.

1,4-alpha-glucan branching enzyme (glgB1)

No significant growth of RmP3106 (ΔpSymAB, glgB1-
1::Tn5-B20) was observed on M9-sucrose plates (Fig. 2). 
Slow growing colonies with a mucoid phenotype were 
observed on M9-sucrose plates for S. meliloti RmP3105 
(Rm2011, glgB1-1::Tn5-B20) (Fig. 2), while little growth 
was observed for this strain in liquid M9-sucrose medium 
(Fig. 4f). The five complementing clones that were ana-
lyzed carried the wild-type glgB1 and we therefore failed to 
identify a pSymA or pSymB locus redundant with glgB1. 
However, transduction of glgB1-1::Tn5-B20 into strains 
lacking either pSymA or pSymB indicated that the sever-
ity of the phenotype of the glgB1-1::Tn5-B20 mutation was 
increased by the lack of either pSymA or pSymB (Supple-
mentary Fig. S1).

Phosphoglycerate kinase (pgk)

All five of the isolated cosmids that complemented S. 
meliloti RmP3102 (ΔpSymAB, pgk-1::Tn5-B20)-encoded 
pgk. Thus, no redundant locus was identified via comple-
mentation. Intriguingly, transduction of pgk-1::Tn5-B20 
into strains lacking just pSymA or pSymB revealed the 
phenotype of the pgk-1::Tn5-B20 mutation was impacted 
by the absence of either pSymA or pSymB (Fig. 1, Sup-
plementary Fig. S1). Growth studies revealed that while 
RmP3101 (Rm2011, pgk-1::Tn5-B20) did grow in 
M9-sucrose, it was significantly impaired (Fig. 4g). Slow 
growth of RmP3101 relative to the wild type was also 
observed in M9-glucose, while no growth was observed in 
M9-succinate (Fig. 4g). However, growth was largely indis-
tinguishable from that of the wild type when grown in M9 
with both glucose and succinate (Fig. 4h).

Acetylornithine aminotransferase (argD)

A Tn5-B20 insertion within argD was isolated that 
resulted in l-arginine auxotrophy in the ΔpSymAB strain, 
but not the wild-type S. meliloti Rm2011 (Fig. 2 and data 
not shown). Transduction of argD-1::Tn5-B20 into strains 
lacking either pSymA or pSymB revealed the arginine 
auxotrophy of argD-1::Tn5-B20 is only observed in the 
absence of pSymB (Supplementary Fig. S1). However, 
we did not examine the precise location of the redundant 
locus.

Fig. 4  Growth profiles of Tn5-B20 insertion mutants and 
associated strains. a, b Growth of wild type (square), edd-
1::Tn5-B20 (diamond), Δsma0235::aacC4 (triangle), and edd-
1::Tn5-B20 + Δsma0235::aacC4 (circle) in M9-sucrose (a) or 
M9-succinate (b). c Growth of wild type (square), proC-1::Tn5-
B20 (diamond), Δsmb20003::aacC4 (triangle), and proC-
1::Tn5-B20 + Δsmb20003::aacC4 (circle) in M9-sucrose. d 
Growth of wild type in M9-sucrose (square) and proC-1::Tn5-
B20 + Δsmb20003::aacC4 in M9-sucrose with no amino acid sup-
plementation (cirlce), or l-proline (diamond), l-ornithine (tri-
angle), or l-arginine (cross) supplementation. e Growth of wild 
type (square), argH1-1::Tn5-B20 (diamond), ΔB145 (triangle), 
argH1-1::Tn5-B20 + ΔB145 (closed circle), and argH1-1::Tn5-
B20 + ΔB145 + argH2 in trans (cross) in M9-sucrose, as well as 
argH1-1::Tn5-B20 + ΔB145 in M9-sucrose supplemented with 
l-arginine (open circle). f Growth of wild type (square) and glgB1-
1::Tn5-B20 (diamond) in M9-sucrose. g Growth of wild type 
(solid symbols) and pgk-1::Tn5-B20 (open symbols) in M9-sucrose 
(square), M9-glucose (triangle), and M9-succinate (circle). h Growth 
of wild type (closed diamond) and pgk-1::Tn5-B20 (open diamond) 
in M9-glucose + succinate. a–h Data points and error bars represent 
the average and standard deviation of triplicate samples. Curves were 
produced by plotting data points from readings every 2 h, with the 
data points shown for every 8 h



Mol Genet Genomics 

1 3

Discussion

Identification and characterization of functionally 
redundant genes

10–15 % of transposon insertions in the S. meliloti chro-
mosome generated phenotypes on M9-sucrose that were 
dependent on the absence of the pSymA or pSymB repli-
cons. The identified chromosomal genes with a function-
ally redundant gene on pSymA or pSymB were involved in 
amino acid biosynthesis (proC, argH1, and argD), central 
carbon metabolism (edd), and transport (aglE).

S. meliloti does not possess a complete Embden–Mey-
erhof–Parnas (EMP) glycolytic pathway, as it does not 
encode a phosphofructokinase enzyme (Arias et al. 1979; 
Galibert et al. 2001). Instead, glycolytic substrates such 
as sucrose and glucose are metabolized via the Entner–
Doudoroff (ED) pathway to pyruvate and glyceraldehyde-
3-phosphate, which is further metabolized to form a second 
pyruvate via the lower half of the EMP pathway (Fig. 5; 
Stowers 1985; Geddes and Oresnik 2014). Gluconeogen-
esis proceeds via the EMP pathway in S. meliloti and does 
not involve the ED pathway (Fig. 5; Finan et al. 1988). 
The gene edd encodes a 6-phosphogluconate dehydratase, 
which catalyzes the first step unique to the ED pathway. 
Despite previous study on carbon metabolism in S. meliloti 
(e.g., Finan et al. 1988), mutants defective in 6-phospho-
gluconate dehydratase activity have never been isolated. 
Consistent with this, disrupting edd decreases, but does not 
prevent, growth on sucrose (Fig. 4a). However, combining 
this disruption with a deletion of a pSymA-encoded gene, 
sma0235, results in a synthetic phenotype and very little 
growth with sucrose as the sole carbon source (Fig. 4a). 
As sma0235 shows homology to dehydratases, in particu-
lar, dihydroxy-acid and 6-phosphogluconate dehydratases, 
it is likely that the gene products of edd and sma0235 
share overlapping enzymatic specificity. However, while 
Sma0235 seemingly has activity with 6-phosphogluconate, 
this is unlikely to be the primary substrate of this enzyme 
for two reasons: one, sma0235 in unable to completely 
complement the disruption of edd; two, sma0235 is the 
third gene of a three-gene operon that also consists of an 
epimerase (the first gene, sma0241) and a dehydrogenase 
(the second gene, sma0237), suggesting that this operon is 
involved in a metabolic pathway distinct from that of the 
ED pathway.

l-proline synthesis from l-glutamate occurs via a 
three-enzyme pathway, with the final step the conver-
sion of Δ1-pyrroline-5-carboxylate to l-proline cata-
lyzed by ProC (Fig. 6). However, disrupting the chro-
mosomal proC gene had no phenotype unless combined 
with a deletion of the pSymB-encoded gene smb20003 
(Fig. 4c). As smb20003 shares the same annotation of 

proC, a Δ1-pyrroline-5-carboxylate reductase, it is likely 
that the synthetic effect observed in the double mutant 
is due to the elimination of enzymatic, not pathway, 
redundancy. Transcriptional start site mapping indicates 
that smb20003 is transcribed as a monocistronic mRNA 
(Schlüter et al. 2013), while a reciprocal best-hit strat-
egy suggests that both ProC and Smb20003 orthologs 
are present throughout the Rhizobiaceae family (data not 
shown). In addition to redundancy of proC, two genes are 
annotated as encoding the ProB enzyme on the S. meliloti 
chromosome, while proA appears to present in a single 
copy (Fig. 6). This is similar to the situation in B. subtilis, 
which encodes two orthologs of proB, three of proC, and 

Fig. 5  Schematic of the glycolytic (GLY) and gluconeogenic (GNG) 
pathways of S. meliloti. The short dashed gray box indicates the steps 
of the GLY pathway, while the long dashed black box indicates the 
steps of the GNG pathway. Proteins catalyzing each step are indi-
cated. Proteins with experimental evidence supporting their desig-
nated molecular function are indicated with boldface, while the rest 
are classified based solely on annotation. Proteins of interest in this 
study are highlighted with a gray box. TCA tricarboxylic acid cycle, 
PPP pentose phosphate pathway, DHAP dihydroxyacetone phos-
phate, ??? enzyme unknown. For a review of carbon metabolism in S. 
meliloti, please refer to Geddes and Oresnik (2014)
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only one ortholog of proA (Belitsky et al. 2001). While 
the two proB and three proC homologs in B. subtilis can 
complement each other, the transcriptional up-regulation 
of each homolog occurs in response to unique stimuli 
(Belitsky et al. 2001).

In addition to synthesis of l-proline from l-glutamate, 
alternate l-proline biosynthetic pathways exist in prokar-
yotic species, such as the conversion of l-ornithine to 
l-proline through the activity of ornithine cyclodeaminases 
(Fig. 6). Previous work has identified ornithine cyclodeam-
inase activity in S. meliloti cell extracts (Soto et al. 1994), 
and four genes (ocd, eutC, sma0486, sma1871) are anno-
tated as encoding ornithine cyclodeaminases in S. meliloti 
Rm2011. Indeed, auxotrophy of the proC, smb20003 dou-
ble mutant was eliminated by adding exogenous l-orni-
thine (Fig. 4d). Furthermore, exogenous l-arginine also 
eliminated the proline auxotrophy (Fig. 4d), presumably 
as l-arginine can be converted to l-ornithine either through 
an arginase (i.e., ArgI1 or ArgI2) or the ArcABC catabolic 
pathway (Fig. 6). Similarly, l-arginine and l-ornithine can 
be converted to l-proline in B. subtilis; however, unlike in 
S. meliloti, this pathway proceeds through a ProC-catalyzed 
final step (Belitsky et al. 2001). While we are unsure why 
such extensive enzymatic and pathway level redundancy in 
l-proline biosynthesis exists, its presence in highly diverse 
species suggests it may provide a fitness advantage to the 
cell.

Two of the redundant gene pairs encode proteins 
involved in the eight-step pathway converting l-glutamate 
to l-arginine (Fig. 6). In the final step of this pathway, 
l-argininosuccinate lyase (ArgH) converts l-argininosuc-
cinate to l-arginine. Two argH genes are annotated in the 
S. meliloti genome, one on the chromosome (argH1) and 
one on pSymB (argH2). Consistent with this function 
being redundant, disruption/deletion of both genes renders 
S. meliloti an arginine auxotroph, whereas the presence of 
either gene individually is sufficient for arginine prototro-
phy (Fig. 4e). The gene argH2 is the first gene of an operon 
encoding an ATP transporter (smb21095–smb21097) and 
two hypothetical genes (smb21098, smb21100). Previ-
ous work has shown that transcription of this ATP trans-
porter is induced in the presence of l-citrulline (Mauchline 
et al. 2006), whose conversion to l-arginine or catabolism 
through the urea cycle involves an l-argininosuccinate 
lyase (ArgH)-catalyzed step (Kanehisa et al. 2014). Thus, 
the presence of two copies of argH in the S. meliloti 
genome presumably allows differential regulation and syn-
thesis of the l-argininosuccinate lyase isozymes: induction 
of argH1 by a lack of l-arginine and the upregulation of 
argH2 by the presence of l-citrulline.

The second Tn5-B20 insertion within a redundant argi-
nine biosynthetic locus was situated near the 3′ end of 
argD, encoding an l-acetylornithine aminotransferase. The 

gene argD is situated less than 100 base pairs upstream of 
argF1, annotated as encoding an l-ornithine carbamoyl-
transferase that is presumably also involved in the arginine 
biosynthetic pathway (Fig. 6). Two independent RNA-seq 
experiments suggest the presence of transcriptional start 
sites upstream of argD and upstream of argF1 (Schlüter 
et al. 2013; Milunovic et al. 2014); however, a promoter 
motif was only identified upstream of argD (Schlüter et al. 
2013). Thus, it is unclear whether argD and argF1 form a 
bicistronic operon. Furthermore, the Tn5-B20 transposon 
inserted downstream of all codons encoding conserved res-
idues in ArgD, meaning a functional version of ArgD, may 
still have been translated. The redundant locus (or loci) is 
located on pSymB (Supplementary Fig. S1); however, we 
did not attempt to identify the precise gene(s), and there-
fore cannot state whether the argD-1::Tn5-B20 phenotype 
is associated with the loss of ArgD, ArgF1, or both. Never-
theless, we note that ArgD shows similarity to five pSymB 
aminotransferases (as well as five encoded by the chromo-
some and four encoded by pSymA), while ArgF1 shows 
similarity to one pSymB-encoded protein (as well as one 
pSymA-encoded protein).

Fig. 6  Schematic of the l-arginine and l-proline biosynthetic path-
ways of S. meliloti. Proteins catalyzing each step are indicated. Pro-
teins with experimental evidence supporting their designated molecu-
lar function are indicated with boldface, while the rest are classified 
based solely on annotation. The enzyme catalyzing the first reaction 
in the l-arginine pathway is unknown; however, it may be Smc02449 
based on genome context and homology to the Corynebacterium glu-
tamicum NAG synthase (data not shown). Proteins of interest in this 
study are highlighted with a gray box. For a review of amino acid 
metabolism in rhizobia, please refer to Dunn (2014)
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Additional genome-dependant phenotypes

Phosphoglycerate kinase (Pgk) catalyzes the reversible con-
version of 1,3-diphosphate-glycerate and 3-phosphoglycer-
ate, and is thus essential for growth of S. meliloti with glu-
coneogenic substrate (Fig. 5; Finan et al. 1988). While Pgk 
is also involved in the glycolytic pathway, it is not absolutely 
required as one of the pyruvic acid products of the ED path-
way bypasses Pgk (Fig. 5; Finan et al. 1988). Here, it was 
observed that pgk-1::Tn5-B20 mutants grew slowly with 
glycolytic substrate (sucrose and glucose) as sole carbon 
sources only when pSymA and pSymB were a part of the 
genome (Figs. 2, 4g, Supplementary Fig.S1). We hypoth-
esize that disruption of pgk leads to a buildup of glycolytic 
intermediates that, unless removed through pSymA- and 
pSymB-dependent pathways, results in an eventual cessation 
of glycolysis and no formation of either pyruvate (Fig. 5). 
Similarly, it was previously suggested that pathways remov-
ing glycolytic intermediates explain, in part, why pgk muta-
tions in Pseudomonas aeruginosa do not prevent growth on 
glycolytic substrate, unlike in E. coli (Banergee et al. 1987).

S. meliloti predominately stores carbon as two poly-
mers, poly-3-hydroxybutyrate and glycogen, which appear 
to have separate functions during N2-fixing symbiosis with 
legumes (Wang et al. 2007). Glycogen is synthesized via a 
three-enzyme pathway consisting of a glucose-1-phosphate 
adenylyltransferase (GlgC), glycogen synthetase (GlgA), 
and a glycogen branching enzyme (GlgB) (Kanehisa et al. 
2014). Little growth of glgB1-1::Tn5-B20 mutants was 
observed in liquid M9-sucrose medium (Fig. 4f), although 
slow growth was observed on M9-sucrose plates unless 
pSymA and pSymB were removed (Fig. 2, Supplementary 
Fig. S1). No redundant pSymA- or pSymB-encoded locus 
was identified through complementation with the genomic 
DNA cosmid library. Additionally, combining the glgB1-
1::Tn5-B20 allele with pSymB deletions of candidate genes 
(glgB2, bdhA, bhbA, and the exopolysaccharide biosyn-
thetic cluster) failed to reveal synthetic interactions (data 
not shown). Hence, the mechanistic basis for the pSymA or 
pSymB redundancy remains unknown.

Genetic redundancy in bacterial organisms

Redundant gene pairs encoded 10–15 % of functions 
required for growth on minimal M9-sucrose medium. Con-
sidering the potential for intra-chromosomal redundancy, 
which would not have been detected in the present study, 
we posit that this is an underestimate of the total genetic 
redundancy encoding processes essential for growth on 
M9-sucrose. These results illustrate that genetic redun-
dancy may be extensive within large bacterial genomes, an 
observation that raises several theoretical questions and has 
significant practical implications.

It may not be particularly surprising to find significant 
genetic redundancy in the S. meliloti genome given that 
~40 % of the predicted genes belong to gene families, 
although few of these are the result of recent duplications 
(Galibert et al. 2001). While it is common for large bacte-
rial genomes to have a high percentage of genes belonging 
to gene families (Glass et al. 2005), our data show that one 
must be careful to extrapolate from amino acid similarity 
to genetic redundancy and functional complementation. As 
an example, Edd shows significant amino acid similarity to 
six proteins (IlvD4, IlvD2, IlvD3, IlvD1, AraF, Sma0235). 
Yet, only Sma0235 is able to partially complement edd 
mutants despite being the most dissimilar protein to Edd 
of the six (Edd: Sma0235, 51.5 % aa similarity; Edd: oth-
ers, 54.4–54.6 % aa similarity). In many cases, two or more 
proteins may have similar molecular functions, but serve 
unique biological roles and thus do not complement muta-
tions of the others, such as the five S. meliloti copper ABC 
transporters (Patel et al. 2014). Thus, while bioinformatics 
provides insight into the potential level of genetic redun-
dancy in a genome, an experimental approach is required 
for a full understanding.

Considering the streamlined nature of prokaryotic 
genomes, a high level of genetic redundancy seems coun-
ter-intuitive and we wonder why such redundancy exists. 
Genetic redundancy could simply be the result of a recent 
gene duplication and an insufficient amount of time for 
purifying selection to lead to the loss of one copy. However, 
this is unlikely to be true in examples where the redundant 
genes are conserved (e.g., proC). Redundant genes can 
serve to increase the rate of production of highly expressed 
gene products, such as is posited for rRNA (Bremer 1975; 
Condon et al. 1995) and experimentally increasing gene 
copy number can increase gene expression (Janczarek et al. 
2009). Functionally redundant proteins could also be main-
tained if they show partial substrate overlap. For example, 
both AglE and ThuE bind sucrose, but only AglE binds cel-
lobiose while ThuE uniquely binds palatinose (Jensen et al. 
2002; Ampomah et al. 2013). Moreover, differential regu-
lation could serve as a driving force for the maintenance 
of redundant genes by optimizing metabolic versatility, 
similar to how the redundant proline biosynthetic genes in 
B. subtilis are up-regulated in response to different stimuli 
(Belitsky et al. 2001).

Practical implications/consequences of genetic redundancy

Genetic redundancy in prokaryotic genomes has practical 
implications/consequences, primarily the masking of phe-
notypes during loss-of-function studies. This would limit 
our ability to identify the genetic determinants of a path-
way or to ascertain the biological role of a gene through a 
mutagenesis-based approach. For example, the last step of 
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gluconeogenesis in S. meliloti (Fig. 5) remains uncharacter-
ized despite intensive characterization of this pathway (e.g., 
Finan et al. 1988), perhaps reflective of redundancy in this 
step. Phenotype masking through genetic redundancy also 
impacts the conclusions drawn from high-throughput trans-
poson mutagenesis studies. The use of saturation transpo-
son mutagenesis has been used in the global mapping of 
essential genes and identification of the minimal bacterial 
genome (e.g., Jacobs et al. 2003; Glass et al. 2005; Chris-
ten et al. 2011), bacterial virulence (e.g., Wu et al. 2006; 
Gawronski et al. 2009; van Opijnen and Camilli 2012), and 
other biological processes (e.g., Stewart et al. 2004; Cam-
eron et al. 2008). While such studies provide invaluable 
genetic information into many biological processes, it must 
be recognized that greater than 10 % of target genes may 
be missed due to genetic redundancy. A failure to consider 
redundantly encoded functions could lead to an incomplete 
understanding of many important biological processes. Not 
only is this an issue in the sense of fully understanding the 
biology of the cell, an incomplete understanding of biologi-
cal pathways will hinder our ability to use synthetic biol-
ogy to construct designer cell factories.
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