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The Sinorhizobium meliloti Essential Porin RopAl Is a Target for
Numerous Bacteriophages

Matthew B. Crook, Alicia L. Draper, R. Jordan Guillory, Joel S. Griffitts
Department of Microbiology and Molecular Biology, Brigham Young University, Provo, Utah, USA

The symbiotic nitrogen-fixing bacterium Sinorhizobium meliloti harbors a gene, SMc02396, which encodes a predicted outer
membrane porin that is conserved in many symbiotic and pathogenic bacteria in the order Rhizobiales. Here, this gene (renamed
ropAl) is shown to be required for infection by two commonly utilized transducing bacteriophages (®M12 and N3). Mapping of
S. meliloti mutations conferring resistance to ®M12, N3, or both phages simultaneously revealed diverse mutations mapping
within the ropA1 open reading frame. Subsequent tests determined that RopAl, lipopolysaccharide, or both are required for in-
fection by all of a larger collection of Sinorhizobium-specific phages. Failed attempts to disrupt or delete ropA1 suggest that this
gene is essential for viability. Phylogenetic analysis reveals that ropA1 homologs in many Rhizobiales species are often found as
two genetically linked copies and that the intraspecies duplicates are always more closely related to each other than to homologs

in other species, suggesting multiple independent duplication events.

M any infective phages are expected to exist for any given bac-
terial species, but outside Escherichia coli and Lactococcus
lactis, very little is known about the cell surface receptors used by
phages to gain entry to the cell (1). Adsorption of phage to the
bacterial host is the key host range determinant (2). Phage adsorp-
tion takes place in two steps: first, reversible contact with the host
cell surface, and second, irreversible binding to the host receptor
(3,4). Any molecule exposed on the bacterial cell surface is avail-
able as a phage receptor. Bacteriophage receptors in Gram-nega-
tive bacteria can be classified into four broad categories: outer
membrane proteins, flagella, pili, and extracellular polysaccha-
rides. Within this last group, the lipopolysaccharide (LPS) layer of
Gram-negative bacteria is a common phage target. Outer mem-
brane protein receptors can be further divided into several subcat-
egories: structural proteins, porins, enzymes, high-affinity sub-
strate receptors, and exporters (2). A variety of tactics, including
alteration, downregulation, or deletion of the receptor, obstruc-
tion of access to the receptor (through production of exopolysac-
charides, lipoproteins, or competitive inhibitors), blocking of
phage DNA entry (often a consequence of lysogeny), restriction of
phage DNA, clustered regularly interspaced short palindromic re-
peat (CRISPR)-mediated immunity, and even programmed cell
death, are employed by bacteria to prevent phage infection (1).
With respect to alteration of the receptor, deletion or downregu-
lation can be costly for the bacterium (5), so subtle sequence al-
teration is a relatively benign mechanism for evolving phage resis-
tance.

Two transducing phages, ®M12 and N3, are extensively used
for transduction in the S. meliloti laboratory strain Rm1021.
®M12 was originally isolated from a commercial S. meliloti inoc-
ulant manufactured in the United States (6), and N3 was originally
isolated from soil obtained from an alfalfa field in Coachella Val-
ley, CA (7). Despite the distance separating their respective collec-
tion sites, PM 12 and N3 are predicted to be similar based on their
reactions to antisera (6). Despite the frequent use of these phages,
the corresponding bacterial receptors have never been described.
In this work, we identify an essential outer membrane porin,
RopAl, as a receptor for both ®M12 and N3. Furthermore, we
show that RopA1 and LPS account for the entry pathways used by
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all Sinorhizobium meliloti phages tested from a larger panel of
diverse phage isolates.

MATERIALS AND METHODS

Growth conditions and phage susceptibility assays. Escherichia coli and
S. meliloti cultures were grown at 37°C and 30°C, respectively, in lysogeny
broth (LB) supplemented as follows: CaCl, (Ca**; 4 mM), chloramphen-
icol (Cm; 30 pg/ml), kanamycin (Km; 30 pg/ml), neomycin (Nm; 100
pg/ml), streptomycin (Sm; 200 pg/ml), and tetracycline (Tc; 5 pg/ml). To
evaluate phage resistance, 2 pl of phage lysate (10% to 10° PFU/ml) was
spotted onto lawns of S. meliloti on LB-Sm-Ca”* agar.

Isolation of phage-resistant mutants. S. meliloti Rm1021 was grown
overnight in LB-Sm-Ca®* broth and then 500 pul was subcultured into 3.5
ml. When the subculture had reached an optical density at 600 nm
(ODygq,) of approximately 1.0, a 30-p.l aliquot of concentrated phage ly-
sate (10® to 10° PFU/ml) of either ®M12 or N3 was added to 400 pl of
culture. After 0.5 h of incubation, phage-infected cultures were embedded
in 10 ml of LB-Ca** top agar and incubated at 30°C for approximately 3
days until resistant colonies began to appear. Resistant colonies were
picked out using a sterile toothpick, spread on LB-Sm-Ca** agar, and
spotted with 2 pl undiluted phage to confirm resistance.

Plasmid and strain construction. Plasmids and strains used in this
study are listed in Table 1. Plasmids were constructed using standard
techniques with enzymes purchased from New England BioLabs (Ips-
wich, MA) The high-fidelity polymerase Pfx50 (Invitrogen, Carlsbad, CA)
was used for insert amplification. All custom oligonucleotides were pur-
chased from Invitrogen and are listed in Table 2. Mobilization of plasmids
was accomplished by triparental mating with helper E. coli BO01 (DH5a
harboring plasmid pRK600). pRK600 expresses trans-acting proteins re-
quired for mobilization of plasmids harboring the RK2 transfer origin
(oriT). Tn5-110 minitransposon delivery and identification of transposon
insertion sites by arbitrary PCR were described previously (8). Phage-
mediated transduction was also described previously (6, 7).
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TABLE 1 Strains, plasmids, and bacteriophages used in this study

TABLE 1 (Continued)

Strain, plasmid, or Source or Strain, plasmid, or Source or
bacteriophage Relevant characteristic(s)” reference bacteriophage Relevant characteristic(s)” reference
Strains Bacteriophages
DH5«a E. coli cloning strain 43 dM1 S. meliloti lytic phage 6
B001 DH5a harboring helper plasmid pRK600 44 DM5 S. meliloti lytic phage 6
Rm1021 S. meliloti SU47 Sm"* (progenitor to 45 dM6 S. meliloti lytic phage 6
strains listed below) dM7 S. meliloti lytic phage isolated from an 6
B199 IpsB::Tn5-110 Sm", Nm" 8 alfalfa field
B912 Rm1021 ropA1'°P N3* This study dM9 S. meliloti lytic phage isolated from a 6
B920 Rm1021 ropA19%4P dM 12" This study commercial inoculant
B955 Rm1021 ropA1954* dM12" This study dM10 S. meliloti lytic phage isolated from a 6
B956 Rm1021 ropA1°%4Y dM12* This study commercial inoculant
B957 Rm1021 ropA19%*R dM 12" This study dM12 S. meliloti lytic phage isolated from a 6
B958 Rm1021 ropA1*A122N124 M 12" N3 This study commercial inoculant
B959 Rm1021 ropA14G203-V201 M 127 N3* This study dM14 S. meliloti lytic phage isolated from a 6
B9Y61 Rm1021 ropA1%%”Y dM12" N3* This study commercial inoculant
B962 Rm1021 ropA1%%7F ®M12" N3* This study dM19 S. meliloti lytic phage 6
B970 Rm1021 ropA12°°SY OM 12" N3* This study N3 S. meliloti Iytic phage isolated from an 7
B971 Rm1021 ropA1°">*Y N3 This study alfalfa field
B972 Rm1021 ropAl ANI24DIZS 3T This study “ Ap", ampicillin resistance; Cm", chloramphenicol resistance; Km", kanamycin
B973 Rm1021 ropAl 126:ND N3* This study resistance; Nm', neomycin resistance; Sm’, streptomycin resistance; Tc", tetracycline
B974 Rm1021 ropA1*'9°Y dM12" N3* This study  resistance.
C540 Rm1021 ropA15%" dM12" N3* This study
C551 Rm1021 ropA14V204T295 registant to This study
other phages (see Table 3)
C566 Rm1021 ropAT*N'>1"P123 dM12" N3 This study Transductional mapping. An N3-resistant mutant (G129D) (Fig. 1A)
Ce617 ropA2:p]G584 This study  was mutagenized with Tn5-110, and the resulting mutant population was
) then transduced using PM12 into wild-type S. meliloti Rm1021. Cotrans-
Plasmids o ducing transposon insertions were characterized by arbitrary PCR. Two
PRE771 Empty vector for P,,, transcriptional 46 doubly marked strains were retransduced using ®M12 into wild-type S.
fusions; Tc" ) meliloti Rm1021, and recombination frequencies were calculated in order
PRK600 Self-transmissible helper plasmid; Cm* 47 to determine the approximate location of the resistance mutation. The
PRK7813 RK2 derlvatlYe carrying pUC9 polylinker 16 exact location of the mutation within ropA1 was resolved by Sanger se-
and A cos site; Tc* quencing. Conversely, a ®M12-resistant mutant (G84D) (Fig. 1A) was
pJG110 Transposon delivery vector; Km/Nm', 8 mutagenized with Tn5-110 and the resistance mutation was mapped by
Ap' - . transduction using N3. All other resistance alleles were identified by di-
pJG194 2.2-kb mobilizable suicide vector; 8 rectly sequencing ropAI; many of the mutant alleles arose multiple times
Km/Nm* ) ) ) ) independently.
pIG396 W11d-type. ropAl (entire coding region)  This study RopA1 structural prediction. After removal of a 22-amino-acid (aa)
cloned into pRK771; T¢' ) signal sequence predicted by SignalP 4.0 (9), which ends at the consensus
pIG581 A 367-bp internal fragment of ropA1 Thisstudy  Leptidase cleavage site (AQA), the amino acid sequence of RopAl was
cloned into pJG194 ) tested for its consistency with a transmembrane {3-barrel configuration
pJG582 A 334-bp internal fragment of hisC4 Thisstudy  5ing PRED-TMBB (10) (http://biophysics.biol.uoa.gr/PRED-TMBBY).
cloned into pJG194 ) Phage adsorption assays. Cultures of S. meliloti strains were grown
pJG583 A 405-bp .fragment upstream of ropAl This study  ,vernight in LB-Sm-Tc-Ca®* and then subcultured and grown to an
cloned into pJG194 ) ODy,, of approximately 1.0, whereupon 30 pl of concentrated phage
pIG584 A 314-bp internal fragment of ropA2 This study lysate (10® to 10° PFU/ml) was added to 400 .l of bacterial culture (or 400
cloned into pJG194 ) wl of LB as an uninoculated control) and shaken at 225 rpm at 30°C for 1
pIG624 A 320-bp internal fragment of hisC4 Thisstudy 1 (the predetermined time point at which maximum phage adsorption
cloned into pJG194 : was observed in wild-type S. meliloti Rm1021). Cultures were then centri-
pJG627 A 330-bp .fragment upstream of ropAl Thisstudy  f10ed for 30 s at 13,200 rpm. The supernatant, which contained unad-
cloned into pJG194 ) sorbed phage particles, was then serially diluted, added to a fresh 400-p.l
pJG628 A 319-bp internal fragment of ropAl This study  ylture of wild-type S. meliloti Rm1021, shaken at 225 rpm at 30°C for 0.5
cloned into pJG194 h, embedded in 10 ml of LB-Ca®" top agar, and incubated at 30°C over-
pIG629 A 291-bp internal fragment of ropAl This study night. Following incubation, plaques were counted and used to determine
cloned into p]G194 i the concentration of unadsorbed phage in the original culture and then
pJG630 A 333-bp .1nterna1 fragment of SMc02397  This study  ompared to the uninoculated control (total phage) with the following
cloned into pJG194 equation: % phage adsorbed = (total phage — unadsorbed phage)/total
pJG631 A 330-bp internal fragment of ropA2 This study phage.
cloned into pJG194
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Genetic knockouts. Disruption integration plasmids were introduced
into S. meliloti Rm1021 via triparental mating performed on LB agar.
Mating lawns were suspended in LB supplemented with 10% glycerol,
serially diluted, and plated on selective medium (LB-Sm-Nm). PCR
checks to verify plasmid integration into intended targets were conducted
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TABLE 2 Primers used in this study

Essential S. meliloti Phage Receptor

Name Sequence” Direction Purpose

0]G664 CAGTTTACTTTGCAGGGCTTCC Forward Sequence verification of pJG194 inserts

0JG1243 TGCGAAAAAGGATGGATATACCG Reverse Sequence verification of pJG194 inserts

0]G524 GGTGGCGCACTTCCTGATAGC Forward Sequence verification of pRF771 inserts

0JG525 CGTTATCAGAACCGCCCAGACC Reverse Sequence verification of pRF771 inserts

oMC023 CGCTCTAGACCCAGACCCGTTTGAAACTTTTG Forward Clone ropAl into pRF771

oMC024 CGCGGATCCGTAGCCATACTCCAGAAAAGAG Reverse Clone ropAl into pRF771

oMC029 CGAAAGCCTACGATCACAGG Forward Sequencing of ropAl mutants

oMC030 CGAAGAAGAGGTGCTGTTCC Reverse Sequencing of ropAl mutants

oMC303 CGCGGATCCTGAAGCCTACATCCAGCTCG Forward Clone a 367-bp fragment of ropA1 into pJG194
oMC304 CGCTCTAGAGTAAGCGTTCGGGTTGGACG Reverse Clone a 367-bp fragment of ropA1 into pJG194
oMC305 CTGGAACCAGGAAGACTTCG Forward Detection of integration of pJG581

oMC314 CGCGGATCCGAAGATCTCGAAGGACTGCTC Forward Clone a 334-bp fragment of hisC4 into pJG194
oMC315 CGCTCTAGAGATTGCGGATCTTGTCGAAGG Reverse Clone a 334-bp fragment of hisC4 into pJG194
oMC316 CGCGGATCCCATGGCTTCCGCAAGGACC Forward Clone a 405-bp fragment upstream of ropAl in pJG194
oMC317 CGCTICTAGACTTGATGTTCATTTCTGACCTCC Reverse Clone a 405-bp fragment upstream of ropA1l in pJG194
oMC318 CGCGGATCCGTTCAATTCCGATACGGATTCG Forward Clone a 314-bp fragment of ropA2 into pJG194
oMC319 CGCTCTAGACGAGCAGGTCGAAAGTCACG Reverse Clone a 314-bp fragment of ropA2 into pJG194
oMC320 CGCAAGCTTGAAGGTCCGAAGCCAGTCG Forward Detection of integration of pJG583

oMC326 CCAATATCGCCATCGGAGAG Forward Detection of integration of pJG582

oMC345 CGCGGATCCAAGATTGCGGCACGCATCG Forward Clone a 320-bp fragment of hisC4 into pJG194
oMC346 CGCTICTAGACATAGGGTACCGTGACCAGC Reverse Clone a 320-bp fragment of hisC4 into pJG194
oMC347 AACGTCACAACGCCAAGTGC Forward Detection of integration of pJG624

oMC354 CGCGGATCCAACGATGGGCATATGTACC Forward Clone a 330-bp fragment upstream of ropAl in pJG194
oMC355 CGCTCTAGAGGATAAAACCGGGCAAGAGC Reverse Clone a 330-bp fragment upstream of ropA1l in pJG194
oMC356 TGACGCGGATCGAATGCAGC Forward Detection of integration of pJG627

oMC357 CGCGGATCCGAGCCCATGGAATACGTTCG Forward Clone a 319-bp fragment of ropA1 into pJG194
oMC358 CGCICTAGACTTCATCGACGTCGATCAGG Reverse Clone a 319-bp fragment of ropA1 into pJG194
oMC359 GAAGCAAGGGCGGTTGATCG Forward Detection of integration of pJG628

oMC360 CGCGGATCCAACCCGAACGCTTACTGG Forward Clone a 291-bp fragment of ropA1 into pJG194
oMC361 CGCTICTAGATCAGGTCAGATTAGAAGTCACG Reverse Clone a 291-bp fragment of ropA1 into pJG194
oMC362 GCTCGCCTACATCTACGACG Forward Detection of integration of pJG629

oMC363 CGCGGATCCGACCATCAACAGGAAGATGG Forward Clone a fragment of SMc02397 into pJG194

oMC364 CGCICTAGACTTTTGCTCTCACCGTAAGCG Reverse Clone a fragment of SMc02397 into pJG194

oMC365 GTCAAGGAGACCACGCTTGC Forward Detection of integration of pJG630

oMC366 CGCGGATCCGCAGCTACGACACGGAATGG Forward Clone a second fragment of SMc02400 into pJG194
oMC367 CGCTICTAGACTGTGTAGTTGATCGCGAAGC Reverse Clone a second fragment of SMc02400 into pJG194
oMC368 GCTTCTTCTACAGCTGGTGG Forward Detection of integration of pJG631

oMC369 TTTGCGATGCTTTCGGCATGG Forward Detection of integration of pJG581

oMC370 CAAGATCGGCGGCTTCATCC Forward Detection of integration of pJG584

“ Restriction sites used for cloning are underlined.

using a vector-specific primer (0JG1243) and a primer upstream of the
intended integration site (Table 2).

Genomic alignments. The following sequences (GenBank accession
numbers in parentheses) were downloaded from the NCBI ftp website
(ftp://ftp.ncbi.nih.gov/genomes/Bacteria/): Agrobacterium tumefaciens
C58 circular chromosome (AE007869.2), Bartonella bacilliformis KC583
chromosome (CP000524.1), Bradyrhizobium japonicum USDA 110 chro-
mosome (BA000040.2), Brucella melitensis bv. 1 strain 16 M chromosome
I (AE008917.1), Mesorhizobium loti MAFF303099 chromosome
(BA000012.4), Rhizobium leguminosarum bv. trifolii WSM1325 chromo-
some (CP001622.1), and Sinorhizobium meliloti Rm1021 chromosome
(AL591688.1). Initial alignments were performed using progressive-
MAUVE version 2.3.1 build 18 (11) (http://gel.ahabs.wisc.edu/mauve/)
and then manually adjusted.

Phylogenetic analysis. The following protein sequences (accession
numbers in parentheses) were downloaded from the GenBank data-
base (http://www.ncbi.nlm.nih.gov/GenBank/index.html): Agrobacte-
rium tumefaciens C58 Atul1020 (AAK86828.1), Agrobacterium tumefaciens
C58 Atul021 (AAK86830.1), Agrobacterium tumefaciens C58 Atu4693
(AAK88757.1), Azorhizobium caulinodans ORS 571 AZC_1213
(BAF87211.1), Azorhizobium caulinodans ORS 571 AZC_3535
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(BAF89533.1), Bartonella bacilliformis KC583 BARBAKC583_0447
(ABM44571.1), Bradyrhizobium japonicum USDA 110 bll4983
(BAC50248.1), Bradyrhizobium  japonicum USDA 110 bll5076
(BAC50341.1), Bradyrhizobium  japonicum USDA 110 bll6888
(BAC52153.1), Brucella melitensis bv. 1 strain 16 M BMEI1305
(AAL52486.1), Brucella melitensis bv. 1 strain 16 M BMEI1306
(AAL52487.1), Mesorhizobium loti MAFF303099 mll4029 (BAB50784.1),
Mesorhizobium loti MAFF303099 mll6389 (BAB52694.1), Mesorhizobium
loti  MAFF303099 mll7738 (BAB54137.1), Mesorhizobium loti
MAFF303099 mlr7740 (BAB54139.1), Mesorhizobium loti MAFF303099
mlr7768 (BAB54159.1), Rhizobium leguminosarum bv. trifolii WSM1325
Rleg 1139 (ACS55434.1), Rhizobium leguminosarum bv. trifolii
WSM1325 Rleg 2312 (ACS56587.1), Rhizobium leguminosarum bv. trifo-
lii WSM1325 Rleg_6754 (ACS59793.1), Sinorhizobium meliloti Rm1021
SMc02396 (CAC45624.1), Sinorhizobium meliloti Rm1021 SMc02400
(CAC45628.1). Sequences were aligned using the MUSCLE web server
(12) (http://www.ebi.ac.uk/Tools/msa/muscle/) with the default settings
and then manually adjusted using MacClade version 4.08 (13) (http:
//macclade.org/index.html). The phylogenetic reconstruction was con-
ducted using maximum parsimony with 1,000 replicates, implemented in
PAUP* version 4.0 beta 10 (14) (http://paup.csit.fsu.edu/) using the de-
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FIG 1 RopALl is the site of phage adsorption for ®M12 and N3. (A) Predicted RopAl outer membrane topology, along with alterations that give resistance to
®M12 (red), N3 (blue), both (yellow), or other S. meliloti phages (white), is shown. (B) A ®M12-resistant (PM12") mutant (ropA1°%**), a ®M12" N3" mutant
(ropATAG203-V204) "and an N3" mutant (ropA14N124"P125) yere tested for phage adsorption (n = 3). Strains harbored either the empty vector control plasmid
(pRF771) or the wild-type ropAl clone pJG396. Error bars represent the standard deviations (SD). The susceptibility of these strains to plaque formation is also

indicated.

fault settings, and then visualized and exported using FigTree version
1.2.3 (http://tree.bio.ed.ac.uk/software/figtree/).

RESULTS

S. meliloti mutations conferring resistance to ®M12 and N3
map to ropAl. Transductionally mapping mutations which con-
fer resistance to transducing phages presents obvious challenges.
As a workaround, we acquired a mutation conferring specific re-
sistance to PM12 and mapped it using N3; conversely, a mutation
conferring specific resistance to N3 was mapped using ®PM12. All
such resistance mutations mapped to the chromosomally carried
gene SMc02396 (Fig. 1A). SMc02396 encodes a putative outer
membrane porin predicted to form a 16-pass transmembrane
B-barrel. Due to the similarity of SMc02396 to ropA (rhizobial
outer membrane protein A) in Rhizobium leguminosarum bv. vi-
ciae 248 (15), we propose that SMc02396 be renamed ropAl. Ap-
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proximately 2 kb downstream of ropAl is a similar gene,
SMc02400, which also encodes an outer membrane porin. Based
on its similarity to ropA1 (78% amino acid identity), we propose
SMc02400 be renamed ropA2. Despite this similarity, none of our
phage resistance alleles mapped to ropA2. Figure 1A describes all
resistance alleles of ropA 1 that have been sequenced to date. Many
of these genetic alterations occurred multiple times in indepen-
dently isolated resistant mutants. Some ropA1 alleles confer resis-
tance to @M 12, some confer resistance to N3, and some confer
simultaneous resistance to both. It is interesting to note that all
phage resistance mutations in ropA1 are either point mutations or
small insertions/deletions that do not alter the frame of the coding
region. Frameshift mutations, nonsense mutations, or large inser-
tions/deletions have never been observed in ropA1l.

RopALl is the site of phage adsorption during infection. To
test whether ®M12 and N3 bind to RopA1, we measured adsorp-
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tion of both phages to ropAI mutants that were resistant specifi-
cally to ®MI2 (ropAI®**?), resistant specifically to N3
(ropAIANTZAPI25) " or resistant to both (ropA14G293V204) in the
presence of an empty vector (pRF771) or a plasmid-borne copy of
constitutively expressed ropAl (pJG396) (Fig. 1B). In the case of
$M12, expression of wild-type ropAl from pJG396 completely
restored ®M12 adsorption (P < 0.001). However, we observed
only slight restoration of N3 adsorption upon reintroduction of
ropAl on the plasmid (P < 0.1). In the presence of an allele that
simultaneously confers resistance to ®M12 and N3, pJG396 is
more effective for restoring adsorption of ®M12 than of N3. In a
plaquing assay, pJG396 restored the ability to form plaques in
ropAl mutant backgrounds resistant to ®M12 but not in back-
grounds resistant to N3 (Fig. 1B). Even when a given mutation
conferred resistance to both phages, pJG396 restored plaquing by
$M12 but not by N3.

Considering the possibility that resistance to N3 may act dom-
inantly, we cloned ropAI*N'?*P12> and ropA149203-V2%4 into
pRF771 and introduced them into wild-type S. meliloti Rm1021.
Ectopic expression of these resistant forms of RopA1 did not pre-
vent N3 from forming plaques on the transformed strains (data
not shown), suggesting that they are not dominant. To test
whether ropAl requires its native promoter for proper comple-
mentation, we cloned a copy of ropAl that includes 720 bp of
upstream untranslated sequence and 300 bp of downstream un-
translated sequence. This fragment was ligated into pRK7813 (16)
in both possible directions. These forward- and reverse-orienta-
tion clones behaved exactly like the constitutively expressed clone
in that they were able to restore ®M12 plaque formation but not
N3 plaque formation (data not shown).

RopA1l and/or LPS is involved in phage infection for all
phages tested. In addition to ®M12 and N3, we have acquired
eight other S. meliloti phages from diverse sources (Table 1). To
test whether the requirement for ropAI was unique to ®PM12 and
N3 or whether it was a general requirement for more phages in our
collection, we tested all of our mutant strains against every phage
(Table 3). Since LPS has previously been reported as a receptor for
some of the phages in this collection (17), we also included an IpsB
mutant. LpsB is a glycosyltransferase that may have a role in both
incorporating mannose into Kdo,-lipid IV, and constructing the
LPS core using ADP- or UDP-glucose (18, 19). Disruption of IpsB
results in drastic alteration of the LPS core in S. meliloti (17) but
does not prevent attachment of the O antigen (20). Two out of 10
phages required IpsB only (PM10 and ®M14), four out of 10
required ropAl only (PM7, PM12, PM19, and N3), and four out
of 10 required both IpsB and ropAl (®PM1, PM5, M6, and
®MD9). The last four probably use both LPS and RopAl as core-
ceptors. The similarity of RopAl to the RopA2 protein encoded
downstream of ropAI prompted us to also test phage resistance in
a ropA2-disrupted strain. None of the phages tested required
ropA2 (Table 3).

ropAl appears to be essential for viability in S. meliloti. Mu-
tations in ropAI that conferred resistance to bacteriophages were
always point mutations or insertions/deletions that were multi-
ples of three base pairs, strongly suggesting that ropAI-null alleles
are not tolerated. Furthermore, a ropAl homolog in Brucella
melitensis, omp2b, was reported to be essential (21), though no
experimental evidence was provided. To test whether ropA I might
be essential for viability, we first made several failed attempts to
create an in-frame deletion of ropAI in strain Rm1021 using the
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FIG 2 ropAl, but not ropA2, is recalcitrant to genetic disruption. Ten locations targeted for single-crossover disruption are marked by vertical dashed lines.
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elsewhere in the genome. The location of the tRNAS®" gene is indicated with an asterisk.

pJQ200sk sacB vector (22). Even with the partially complement-
ing plasmid pJG396 (described above), deletion of the chromo-
somal copy of ropAI was not possible (data not shown). We then
resorted to targeting the disruption of ropAI by internal fragment
(single-crossover) disruption. This experiment was performed
with multiple controls: insertion disruptions were targeted to
three different ropA1 internal regions as well as to seven arbitrarily
chosen regions upstream and downstream of the ropAI gene that
were not predicted to be essential (Fig. 2). For these 10 plasmid
insertion targets, PCR-based tests were designed to confirm that
the intended integration events had occurred. All disruptions out-
side ropA1 successfully occurred, but no insertions in ropAl were
able to be generated. This indicates that ropA1 disruption leads to
nonviable cells.

ropA1 orthologs in other Rhizobiales show evidence of recent
gene duplication events. The gene ropA2, which is located near
ropAl (Fig. 2), shares 78.4% identity with ropA1 at the amino acid
level, suggesting a recent duplication event. Considering that sim-
ilar duplications have been reported for other Rhizobiales (23, 24),
we investigated whether these duplication events were of ancient
origin or whether they had occurred independently in multiple
lineages. A phylogenetic comparison of various representative or-
ganisms in the Rhizobiales (Fig. 3A) indicates that ropAI ho-
mologs are almost always most closely related to duplicates within
the same genus rather than orthologs in other genera. This obser-
vation points to some selective pressure for ropA orthologs in
many alphaproteobacterial genera to independently duplicate.
Considering that S. meliloti ropA1l and ropA2 are not functionally
identical, these duplication events may give rise to functional di-
versification of ropA paralogs.

Given that ropAl and ropA2 are so close together spatially, we
performed a genomic alignment of S. meliloti Rm1021 with the
same organisms used in the phylogenetic analysis (Fig. 3B). The
alignment confirmed that at least one copy of ropA lies in a con-
served position in the genome of the various organisms, as evi-
denced by the conservation of synteny with certain genes both
upstream (amn and hisC) and downstream (slt, dapA, smpB, rpoZ,
and relA). Also of note is the presence in many strains of a tRN A"
nearby. In half of the strains examined, a second copy of ropA was
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found nearby, and in one case (Mesorhizobium loti MAFF303099),
there was even a third copy within a few kilobases. An examination
of other sequenced Rhizobiales genomes (including Bradyrhizo-
bium sp. BTAil, Nitrobacter hamburgensis X14, Ochrobactrum an-
thropi ATCC 49188, Parvibaculum lamentivorans DS-1, Pseu-
dovibrio sp. FO-BEG1, Xanthobacter autotrophicus Py2) gave
further evidence for one or more duplications of ropA at this locus.
It should also be noted that in contrast to most Rhizobium strains,
Rhizobium leguminosarum bv. viciae 248 (which was not included
in the genomic alignment since its genome has not yet been se-
quenced) has two copies of ropA in close proximity to each other
(23).

DISCUSSION

RopALl is highly expressed in free-living S. meliloti (25) and likely
forms a major portion of the S. meliloti outer membrane protein
population. Thus, it is a convenient target for phage binding. We
have shown that certain alterations in the RopAl amino acid se-
quence prevent infection by eight of the 10 S. meliloti phages tested
(Table 3). In the case of the two transducing phages (®M12 and
N3), every phage-resistant mutant tested was mutated in ropAl.
Additionally, the adsorption of ®M12 and N3 to various ropAl
mutant strains was reduced (Fig. 1B). This confirms the role of
RopA1 as a receptor for these phages. Previous work in Rhizobium
leguminosarum correlates phage resistance with a loss of an anti-
gen (26) later identified as RopA, but definitive experiments to test
RopA as a susceptibility factor or receptor were not performed.
This system is unique in that both ®M12 binding and DNA
injection (as evidenced by the formation of plaques) are com-
pletely restored by plasmid-based expression of ropA1, but for N3,
binding is only partially restored and plaque formation is not ob-
served (Fig. 1B). The incomplete-complementation phenomenon
is not allele specific but phenotype specific. Additionally, the ap-
parent lethality brought about by a ropA1 disruption seems not to
be complemented by a plasmid since repeated attempts to delete
or disrupt ropA1 in the presence of a complementing plasmid have
failed (data not shown). This is why our evidence for the essenti-
ality of ropAl has to depend on well-controlled negative data
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(Fig. 2). We cannot currently explain the mechanistic basis for this
incomplete-complementation phenomenon.

Only ®M10 and ®M12 of our panel of 10 phages did not
exhibit a requirement for RopA1l for infection (Table 3). LPS is
also a major component of the Gram-negative bacterial cell sur-
face and frequently occurs as a phage receptor (4). Our observa-
tion that the [psB mutant was resistant to six of the 10 phages is in
agreement with a previous report (17). Three of the remaining
phages in that study (PM7, ®M12, and PM19) were reported to
be unaffected by any of a variety of LPS mutants, suggesting that
LPS plays no role in infection by these phages. We show here that
RopAl serves as the receptor for all three as well as for N3.

The impossibility of disrupting ropA1 under laboratory condi-
tions leads us to conclude that ropA1 is essential for viability in S.
meliloti. Despite the general belief that porins play a role in outer
membrane function and stability of Gram-negative bacteria (27),
there are very few instances of a porin being shown to be essential.
Members of the Omp85/BamA (B-barrel assembly machine pro-
tein A) family have been shown to be responsible for the assembly
and insertion of proteins and LPS into the outer membrane (28,
29). These proteins are therefore essential for cell viability and are
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found throughout Gram-negative bacteria. Two genes in S. meli-
loti Rm1021 belong to the bamA gene family: SMc02094 and
SMc03097. While we cannot rule out a role for RopAl in outer
membrane biogenesis, it does not appear to belong to the Omp85/
BamA family of porins.

With the exception of Omp85/BamA homologs, no porins are
reported to be essential in Escherichia coli (30, 31), Pseudomonas
aeruginosa (32), Haemophilus influenzae (33), or Salmonella en-
terica (34). The omp2b gene of Brucella melitensis (a ropAl ho-
molog) has been reported to be essential, but no experimental
evidence is given (21). The porB gene of Neisseria gonorrhea has
also been reported to be essential, but again, no experimental ev-
idence is given (35, 36). Since both ropA1 in S. meliloti (this report)
and omp2b in Brucella melitensis (21) are believed to be essential, it
may be that ropA homologs are essential in most Rhizobiales spe-
cies which possess them. One possible exception is the single ropA
homolog in Bartonella henselae, omp43, which has been success-
fully disrupted (37).

Homology-based searches of sequence databases do not sug-
gest a specific function for RopAl. The ropAl expression pattern,
as revealed by several studies, points to a specific role for ropAI in
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growing cells, since terminally differentiated bacteroids tend to
display very low levels of ropAI expression. Bacteroids are non-
growing, differentiated, nitrogen-fixing forms of rhizobia that oc-
cupy host cells within the root nodule. Root nodules can be
broadly classified as determinate or indeterminate based on
whether the nodule has a persistent apical meristem. Bacteroids in
determinate nodules can dedifferentiate upon release from nodule
cells, but bacteroids in indeterminate nodules are terminally dif-
ferentiated (38). Both ropAI and ropA2 of S. meliloti are highly
expressed in free-living conditions (25) but strongly downregu-
lated in the terminally differentiated bacteroids of Medicago trun-
catula (39). Downregulation of ropA and ropA2 in Rhizobium le-
guminosarum has been observed for several hosts that form
indeterminate nodules (pea, broadbean, vetch, clover), but in a
host that forms determinate nodules (common bean), neither is
downregulated (40). There is, therefore, a remarkable correlation
between cells that are competent for proliferation and the expres-
sion of ropAl.

The frequent occurrence of ropAl duplication at a conserved
locus in multiple species (Fig. 3B) suggests some plasticity in this
region of Rhizobiales genomes. Acquisition, loss, or duplication of
genes may be due to the insertion and incorrect excision of pro-
phage genomes (41). An examination of the genomes of se-
quenced S. meliloti strains AK83 and Rm41 revealed the presence
of two independent prophages which have been inserted into the
tRNASe" just upstream of ropAI (not shown). The idea of bacte-
riophages linking their own DNA near receptor-encoding genes is
an intriguing one. Indeed, in a recent multigenome analysis of S.
meliloti and the closely related species Sinorhizobium medicae, the
authors concluded that ropAl was the only chromosomal gene
that showed evidence of horizontal transfer between the two spe-
cies (42). This may be due to this region being a hot spot for
prophage insertion.
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