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We report here the first characterization of the Sinorhizobium meliloti open reading frame SMc01113. The
SMc01113 protein is a member of a highly conserved protein family, universal among bacteria. We demon-
strate that the SMc01113 gene is absolutely required for S. meliloti symbiosis with alfalfa and also for the
protection of the bacterium from a wide range of environmental stresses.

Under conditions of poor nitrogen availability, the alpha-
proteobacterium Sinorhizobium meliloti can invade and estab-
lish a chronic symbiotic infection within the host plant Medi-
cago sativa (alfalfa) (6, 13). Numerous symbiotically deficient
mutants of S. meliloti that are affected in a wide array of
biochemical pathways, from intermediary metabolism to cell
envelope synthesis, have been identified previously (22, 31).
The characterization of these mutants has provided insights
into bacterial functions necessary for each developmental stage
of symbiosis. For example, mutations that disrupt exopolysac-
charide production by S. meliloti strain Rm1021 result in early
developmental defects characterized by aborted infection
threads and the absence of bacteria in plant nodules (17, 22,
27). Other mutations, including some that alter lipopolysac-
charide (LPS) synthesis, do not affect the early development of
symbiosis but instead result in severe defects in later stages (7,
22). However, despite the many genetic studies that have been
carried out, we still do not have a clear picture of the full
genomic complement required by S. meliloti to successfully
complete each developmental stage of symbiosis.

A screening strategy we developed previously for identifying
symbiotically deficient mutants (11) led to the discovery that
SMc01113, which encodes a protein of unknown function, is
essential for symbiosis. The SMc01113 protein is highly con-
served, being present in all bacteria, and its function is critically
required for S. meliloti both to establish the chronic intracel-
lular infection necessary for symbiosis and to defend against a
wide range of environmental stresses.

An SMc01113::mTn5 mutant is severely defective in symbi-
osis with alfalfa. We previously described a two-part screening
strategy that we used to identify a number of mTn5 mutants of
S. meliloti strain Rm1021 that were both sensitive to H2O2 and
defective in symbiosis with alfalfa (11). The continuation of

that screen identified an additional mutant disrupted in the
hypothetical open reading frame SMc01113.

The SMc01113 mutant we identified is disrupted by an mTn5
transposon inserted at base 284 of the 507-bp SMc01113 open
reading frame. Using the previously described methods in our
screening strategy (11), we determined the H2O2 sensitivity
and symbiotic defect of the original isolate and then trans-
duced the SMc01113::mTn5 allele into the parental strain,
Rm1021. We tested several transductants and confirmed that
both the H2O2 sensitivity and the symbiotic defect were linked
to the mTn5 insertion in SMc01113. We selected one trans-
ductant, GWBD12, for further investigation (Table 1). We will
hereafter refer to strain GWBD12 as the SMc01113::mTn5
mutant.

The SMc01113::mTn5 mutant exhibited a striking symbiotic
defect on the plant host alfalfa. To quantify the symbiotic
defect of the SMc01113::mTn5 mutant, we inoculated the
SMc01113::mTn5 mutant and its Rm1021 parent onto alfalfa
seedlings (24). After 4 weeks, we assessed plant height, nodule
type, and the ability to fix nitrogen as measured by acetylene
reduction (Table 2) (40). Rm1021-inoculated plants were on
average 80% taller than the SMc01113::mTn5 mutant-inocu-
lated plants and were a healthy green color, in contrast to
the unhealthy yellow color of plants inoculated with the
SMc01113::mTn5 mutant (Fig. 1A; Table 2). Nodules from
Rm1021-inoculated plants were mostly pink (Table 2; Fig. 1B),
a color due to leghemoglobin, which is a marker of successful
symbiosis (1). In contrast, SMc01113::mTn5 mutant-inoculated
plants produced only small white nodules (Table 2; Fig. 1C)
indicative of failed symbiosis. Consistent with both of these
observations, Rm1021-inoculated plants showed much higher
levels of nitrogen fixation than those inoculated with the
SMc01113::mTn5 mutant (Table 2).

We PCR amplified SMc01113 (primers: forward, AGACTG
CAGGAGGATAGGCGGCCGCGTTTATCATGAC, and re-
verse, CGGCTGGATCCTGAAGTCGCTCATCG; PstI and
BamH1 restriction sites, respectively, are in bold) and
cloned the digested product directly into the expression
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vector pMSO4 (2) by using standard cloning techniques
(35). The resulting plasmid, pGW2, was mated into the
SMc01113::mTn5 mutant as described previously (11). The
symbiotic defect of the SMc01113::mTn5 mutant was fully
eliminated by the ectopic expression of SMc01113 from
pGW2 (Table 2).

To gain a better understanding of the nature of the symbi-
otic deficiency, we examined the ultrastructure of the white
nodules produced by plants inoculated with the SMc01113::
mTn5 mutant by using previously described methods (19, 20).
Nodule cells from plants inoculated with Rm1021 were full of
bacteroids (Fig. 1D). In striking contrast, nodule cells from
plants inoculated with the SMc01113::mTn5 mutant were com-
pletely devoid of bacteroids (Fig. 1E). The absence of bacte-
roids explains the extremely low acetylene reduction capacity
of SMc01113::mTn5 mutant-inoculated plants (Table 2). In
addition, plant cells of SMc01113::mTn5 mutant-induced nod-
ules were misshapen and lacked observable vacuoles, in con-
trast to those of Rm1021-induced nodules (Fig. 1, compare
panels D and E).

The small white nodules produced by plants inoculated with
the SMc01113::mTn5 mutant were very similar to nodules in-
duced by Rm1021 strains defective in exopolysaccharide pro-
duction, both in gross morphology and in ultrastructure (23,
24). This similarity led us to test the SMc01113::mTn5 mutant
for an alteration in exopolysaccharide production; however, we
found no change in exopolysaccharide (succinoglycan) produc-
tion by the SMc01113::mTn5 mutant as measured by calcofluor
binding assays (data not shown) (23). Nonetheless, the absence
of bacteroids in nodules from plants inoculated with the
SMc01113::mTn5 mutant or exopolysaccharide mutants con-
trasted strikingly with the abundance of bacteroids in nodules

induced by Rm1021 LPS mutants, which are proficient in ex-
opolysaccharide synthesis. While LPS mutants are defective in
symbiosis, nodules from plants inoculated with LPS mutants
are filled with bacteroids (7). This finding suggests that the
symbiotic defect of the SMc01113::mTn5 mutant resembles
that of exopolysaccharide-deficient mutants in that the nodule
invasion process is aborted before the release of invading bac-
teria into the cells of the developing nodule.

The SMc01113 protein is a member of a highly conserved
protein family. The SMc01113 gene codes for a hypothetical,
highly conserved protein of unknown function (14). The pro-
tein family that includes the SMc01113 protein is designated
COG0319 (37, 38). Homologs of the SMc01113 protein are
found in all sequenced bacteria and are predicted to be puta-
tive metal-dependent hydrolases (37, 38). The function predic-
tion is based on a conserved motif, H(X)3H(X)4DH (Fig. 2),
that bears a resemblance to sequences in certain eukaryotic
metal-dependent proteases (E. V. Koonin, personal commu-
nication). Homologs are strongly conserved throughout the
alphaproteobacteria (Fig. 2). The crystal structure of the ho-
molog from “Aquifex aeolicus” was recently resolved and re-
vealed that the spatial arrangement of three conserved histi-
dines may allow them to bind a metal ion (28). The same
authors of the crystal structure study tested the purified protein
for more than 15 different general biochemical activities but
obtained only negative results in all assays (28). These findings
suggest that the SMc01113 protein may have a unique or un-
usual substrate rather than having a generalized hydrolytic
function active against a variety of substrates. The present
study is the first to offer insight into the biological role(s) of
this universally conserved bacterial protein.

The SMc01113::mTn5 mutant is sensitive to agents target-
ing key biological processes. Previous computational and bio-
chemical analyses failed to elucidate a function for the
SMc01113 protein family (28, 37). However, as described be-
low, when we tested the SMc01113::mTn5 mutant for altered
sensitivity to several different stresses, we found that the strain
was sensitive to a remarkably wide spectrum of environmental
stresses targeting several key cellular processes and structures.
These processes included oxidative stress protection, DNA
repair, cell wall synthesis, protein synthesis, and the mainte-
nance of cell envelope stability (Tables 3 and 4; Fig. 3). We
tested stress sensitivity by zone of inhibition (ZI) and efficiency
of plating (EOP) assays as previously described (10, 11). All
strains were grown to saturation (optical density at 600 nm of

TABLE 1. Bacterial strains, phages, and plasmids

Strain,
phage,

or plasmid
Relevant characteristics Source

(reference)

Strains
MT616 E. coli MM294(pRK600); Cmr T. Finan
DH5� E. coli endA1 hsdR17 supE44 thi-1 recA1

gyrA relA1 �(lacZYA-argG)U169 deoR
BRL Corp.

DH5� �pir E. coli endA1 hsdR17 supE44 thi-1 recA1
gyrA relA1 �(lacZYA-argG)U169 deoR
oriR6K

BRL Corp.

Rm1021 SU47 Smr F. Ausubel
SMc01113 Rm1021 SMc01113::mTn5; original isolate This study
GWBD12 Rm1021 SMc01113::mTn5; transductant This study
GWBD5 Rm1021(pMSO4) B. Davies (10)
GWBD13 SMc01113::mTn5(pMSO4) This study
GWBD14 SMc01113::mTn5(pGW2) This study

Phages (�)
M1 G. Campbell
M5 G. Campbell
M6 G. Campbell
M7 G. Campbell
M9 G. Campbell
M10 G. Campbell
M11 G. Campbell
M12 Generalized transducing phage T. Finan

Plasmids
pCRS487 pUT::mTn5-GNm; Apr Kms W. Reeve (32)
pMSO4 Spr M. Barnett (2)
pGW2 SMc01113 complementation plasmid This study

TABLE 2. Plant heights, nodule types, and nitrogenase activities
for alfalfa inoculated with Rm1021 and derivative

strains after 4 weeks of growtha

Strain
Plant
height
(cm)

% Of
pink

nodules

% Of
white

nodules

Acetylene
reduction

(nmol/
nodule/h)

Rm1021 10.2 � 1.0 93.6 � 8.3 6.4 � 8.3 19.5 � 0.4
SMc01113::mTn5 mutant 2.2 � 1.0 0 100 1.1 � 1.1
Rm1021(pMSO4) 10.8 � 2.0 93.4 � 8.2 6.6 � 7.5 NA
SMc01113::mTn5(pMSO4) 2.6 � 0.6 0 100 NA
SMc01113::mTn5(pGW2) 11.1 � 2.2 91.1 � 9.9 11.1 � 2.2 NA

a Six plants were used for each strain. Values are means � standard deviations.
NA, not available.
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�6) at 30°C in Luria-Bertani broth supplemented with 2.5 mM
MgSO4 and 2.5 mM CaCl2 (LB/MC) prior to assay. Rm1021
and the SMc01113::mTn5 mutant showed equivalent levels of
viability in the EOP assay under nonstress conditions (data not
shown). All SMc01113::mTn5 mutant sensitivities were fully
eliminated by the ectopic expression of SMc01113 from pGW2
(data not shown).

(i) Oxidative stress. We initially measured the sensitivity of
the SMc01113::mTn5 mutant to H2O2 by a ZI assay, in which
we observed a 16% increase of the ZI of the mutant relative to
that of the parental strain Rm1021 (Table 3). To better quan-
tify the difference in H2O2 sensitivity, we determined the EOP
of each strain. We found that the SMc01113::mTn5 mutant was
substantially more sensitive than Rm1021 over a range of

FIG. 1. Nodule morphology and ultrastructure of alfalfa inoculated with Rm1021 and the SMc01113::mTn5 mutant. (A) Plants inoculated with
either Rm1021 (left) or the SMc01113::mTn5 mutant (right) after 4 weeks growth. (B) Pink nodules induced by Rm1021. (C) Small white nodules
induced by the SMc01113::mTn5 strain. (D) Ultrastructure of a pink nodule induced by Rm1021 (bar, 1.0 �M). (E) Ultrastructure of a small white
nodule induced by the SMc01113::mTn5 mutant. Bar 	 1.0 �m Plant vacuoles (V) are indicated.

FIG. 2. SMc01113 protein homologs were aligned using T-Coffee (30). The red bar underlines the conserved motif used to classify this protein
family. The corresponding gene names are as follows: Agrobacterium tumefaciens, Atu0358; S. meliloti, SMc01113; Brucella abortus, BruAb1_2129;
Rhizobium etli, RHE_CH00374; Rhizobium leguminosarum, RL0393; Bradyrhizobium japonicum, b110793; Mesorhizobium loti, mlr5536; and
“Aquifex aeolicus,” Aq1354.
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H2O2 concentrations (Fig. 3A). We also tested the SMc01113::
mTn5 mutant for sensitivity to the superoxide generator men-
adione (18) by a ZI assay. The SMc01113::mTn5 mutant did
not show altered sensitivity to menadione (Table 3). This result
suggests that the oxidative stress defect of the mutant is specific
to H2O2-induced stress.

(ii) DNA metabolism. Since H2O2 causes DNA damage (21),
we tested the sensitivity of the SMc01113::mTn5 mutant to
other agents that damage DNA: methyl methanesulfonate
(MMS), UV radiation (UV), and nalidixic acid. We tested
MMS and nalidixic acid sensitivities by ZI assays, while UV
sensitivity was determined by serially diluting cultures on agar
plates and irradiating them at 25 J/m2 for the times indicated
in Fig. 3B and then determining the numbers of CFU as for
EOP assays. MMS produces a variety of DNA lesions, includ-
ing N3-methyladenine lesions, a lethal form that inhibits DNA
synthesis and needs to be actively repaired (3, 5, 29). UV
induces a variety of photoproducts that interfere with DNA
replication (34). Nalidixic acid targets DNA gyrase, whose role
is to overcome topological problems encountered during DNA
replication (39). Strikingly, we found that the SMc01113::
mTn5 mutant displayed increased sensitivity to all of these
agents (Table 3; Fig. 3B). These results indicate that the
SMc01113::mTn5 mutant has a general problem in dealing
with DNA damage or DNA replication issues rather than a
defect in a specific DNA repair process.

(iii) Protein synthesis. Our recognition that the SMc01113::
mTn5 mutant had a pleiotropic phenotype then led us to test
the sensitivity of the strain to agents that inhibit protein syn-
thesis. We found that the SMc01113::mTn5 mutant exhibited
increased sensitivity to both tetracycline and chloramphenicol
(Table 3). Both antibiotics inhibit translation; however, tetra-
cycline does so by blocking the binding of the incoming ami-
noacylated tRNA to the A site (26, 33), while chloramphenicol
inhibits peptide bond formation (9).

In addition, we used the phenotype microarray system to
simultaneously test the mutant strain for further phenotypes
(4). Using this technology, we found that the SMc01113::mTn5
mutant was also sensitive to the aminocyclitol spectinomycin,
the aminoglycoside hygromycin B, and macrolides spiramycin
and tylosin (Table 4). As each of these antibiotics affects ribo-
some activity in a different way, these results suggest a possible
defect in ribosome structure or a general impairment of trans-

lation that increases the sensitivity of the mutant to all types of
ribosome-directed antibiotics.

(iv) Cell envelope integrity. The maintenance of cell enve-
lope integrity is crucial for Rm1021 to develop normal symbi-
osis (7, 8, 12). We tested the integrity of the SMc01113::mTn5
mutant cell envelope with crystal violet and the detergent de-
oxycholate (DOC). Altered sensitivity to detergents is usually
an indicator of a change in the bacterial cell envelope, and the
hydrophobic dye crystal violet is frequently used as an indicator
of alterations in the cell envelope such as those caused by
changes in the LPS (12). The SMc01113::mTn5 mutant showed
increased sensitivity to crystal violet when tested by a ZI assay
(Table 3). The SMc01113::mTn5 mutant was also very sensitive
to DOC as determined by an EOP assay (Fig. 3C). The in-
creased sensitivity to both these agents strongly suggests that
the SMc01113::mTn5 mutant has a cell envelope defect in
addition to the other defects described above.

LPS constitutes the outer leaflet of the outer membrane of
gram-negative bacteria. S. meliloti mutants with alterations in
their LPS layer not only exhibit sensitivity to detergents but
also show alteration in phage sensitivity and often have sym-
biotic defects (8). The striking sensitivity of the SMc01113::
mTn5 mutant to DOC and crystal violet, along with its severe
symbiotic defect, had us question whether the LPS layer in the
mutant was drastically altered. We tested the mutant and pa-
rental strains against a panel of phage but found that both
strains showed the same pattern of sensitivity and resistance
(Table 5). We also found that the SMc01113::mTn5 mutant
was not sensitive to low pH (Table 3), another indicator of LPS
alterations (12). This result suggests that a gross LPS alteration
is not the cause of the cell envelope instability of the
SMc01113::mTn5 mutant.

(v) Peptidoglycan synthesis. The severe sensitivity of the
SMc01113::mTn5 mutant to agents that affect outer cell enve-
lope integrity led us to question whether additional compo-
nents of the cell envelope may also be compromised. We tested
the SMc01113::mTn5 mutant against two inhibitors of pepti-
doglycan synthesis, ampicillin and cefotaxime. Both ampicillin
and cefotaxime inhibit the transpeptidase reaction required to
cross-link glycan-linked peptide chains to form the mature
peptidoglycan layer (25). The SMc01113::mTn5 mutant was
severely sensitive to both cell wall inhibitors (Table 3). To
better quantify this sensitivity, we performed an EOP assay to
measure cefotaxime sensitivity and found a 105-fold increase in

TABLE 3. ZI results for Rm1021 and SMc0113::mTn5 mutant
strains screened against several environmental stresses

Stress
ZI (cm) of:

Rm1021 SMc01113::mTn5

H2O2 3.7 � 0.1 4.3 � 0.1
Menadione 3.2 � 0.1 3.2 � 0.1
MMS 4.4 � 0.1 5.0 � 0.1
Nalidixic acid 5.4 � 0.1 6.3 � 0.1
Tetracycline 6.0 � 0.1 6.6 � 0.1
Chloramphenicol 5.5 � 0.1 6.1 � 0.1
Crystal violet 3.6 � 0.1 4.2 � 0.1
Concentrated hydrochloric acid 4.2 � 0.1 4.2 � 0.2
Ampicillin 5.1 � 0.1 7.7 � 0.1
Cefotaxime 4.1 � 0.1 6.8 � 0.1

TABLE 4. Mutant phenotypes of SMc01113::mTn5 strains as
determined by phenotype microarray analysis

Testa Difference from
control strainb

Spectinomycin..............................................................................
105
Hygromycin B..............................................................................
101
Spiramycin....................................................................................
103
Tylosin ..........................................................................................
125

a Chemicals were tested in 96-well phenotype microarrays.
b The OmniLog-Pm software generates time course curves for respiration

(indicated by tetrazolium color formation) and calculates differences in the areas
for mutant and control cells. The units are arbitrary. Negative values indicate
that the control showed greater rates of respiration than the mutant. The dif-
ferences are averages of values reported for two or more replicates of the mutant
compared with the values for the corresponding control strain.
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sensitivity at high doses compared to that of the parental strain
(Fig. 3D). Since the peptidoglycan layer connects the inner and
outer membranes, a weakened cell wall may perturb the outer
membrane, leading to increased sensitivity to other cell enve-
lope-destabilizing agents, such as DOC and crystal violet.

In addition to the wide range of sensitivities, we found that
the SMc01113::mTn5 mutant had a modest growth defect in
LB/MC (doubling time of Rm1021 [mean � standard devia-
tion], 3.0 � 0.1 h, versus the doubling time of the SMc01113::
mTn5 mutant, 4.4 � 0.3 h). We do not feel that this growth rate
defect was a major cause of the increased sensitivity of the
SMc01113::mTn5 mutant to the wide range of stresses. For
each stress tested by the ZI assay, we also tested at least one
similar stress by the EOP assay and showed increased sen-
sitivity of the SMc01113::mTn5 mutant in both assays. For
example, the SMc01113::mTn5 mutant displayed increased
cefotaxime sensitivity in both ZI and EOP assays (Table 2;
Fig. 3D).

The S. meliloti SMc01113 gene is a member of a highly
conserved family that is found in every bacterium whose ge-
nome has been sequenced and is said to be one of the 206
genes that are required for definition as a bacterium (15). This

physiological study offers the first insights into the biological
function of this gene family in any bacterium. We were struck
by the wide spectrum of stresses to which the SMc01113::mTn5
mutant was sensitive. These results would seem to imply that
the SMc01113 protein either plays numerous independent bi-
ological roles or instead affects a fundamental cellular function
that involves a wide range of processes. Considering the strik-
ing diversity of the chemical structures and modes of action of
agents to which the SMc01113::mTn5 mutant was sensitive, we
consider it more likely that the SMc01113 protein affects one
central biological function rather than playing an active role in
many different stress responses.

In addition to identifying phenotypes of the SMc01113::
mTn5 mutant, we used computational analysis to identify gene
neighbors of SMc01113 and its homologs throughout the bac-
terial domain (36, 41). The repeated occurrence of genes in the
same neighborhood in genomes has been shown to indicate a
functional association between the proteins these genes en-
code (36). Our analyses showed that the SMc01113 gene and
its homologs were always present near genes that function in
RNA and phospholipid metabolism. A defect in either RNA or
phospholipid metabolism may explain why the SMc01113::
mTn5 mutant is sensitive to so many agents or treatments. It
is also interesting that the neighboring gene SMc01111 (lnt)
is required for acid tolerance and the neighboring gene
SMc01110 (phrR) is a transcriptional regulator that is inducible
by low pH (16). While we did not observe increased sensitivity
to acid in the SMc01113::mTn5 mutant (Table 3), it is still
possible that SMc01113 is involved in pH tolerance in S.
meliloti, perhaps in planta if not in the free-living state.

While its biochemical function remains elusive, our results
clearly show that SMc01113 is absolutely required for Rm1021

FIG. 3. Results from EOP assays. Strains were spotted onto LB agar containing increasing amounts of H2O2 (A), DOC (C), and cefotaxime
(Cf) (D). UV treatment of strains (B) was performed as described in the text. The percent survival reflects the number of CFU of the respective
strain under stressed conditions relative to the number under nonstressed conditions.

TABLE 5. Phage sensitivities of Rm1021 and SMc01113::mTn5 strains

Strain
Sensitivitya to phage:

�M1 �M5 �M6 �M7 �M9 �M10 �M11 �M12

Rm1021 S S S S S R R S
SMc01113::

mTn5 mutant
S S S S S R R S

a R, resistant; S, sensitive.
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to establish an intracellular infection of alfalfa (Fig. 1). Since
homologs of SMc01113 are found in every sequenced bacte-
rium, this gene cannot have evolved solely for function in
rhizobial symbiosis. Nevertheless, in the many nodulation as-
says we have carried out with the SMc01113::mTn5 mutant, we
have never observed the formation of a pink nodule (data not
shown). This result suggests that the function of the SMc01113
gene cannot be compensated for by any other gene or pathway
in S. meliloti during symbiosis. Serious effort will be required to
identify the functional defect of such a pleiotropic mutant.
Future work to identify the specific pathway in which the
SMc01113 protein functions will not only increase our under-
standing of symbiosis but will also expand our knowledge of the
role this novel protein plays in all bacteria.

This work was supported by National Institutes of Health grant
GM31010 to G.C.W. and a National Sciences and Engineering Re-
search Council of Canada graduate scholarship to B.W.D. G.C.W. is
an American Cancer Society Research Professor.
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