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Sinorhizobium meliloti genome sequence determination has provided the basis for different approaches of
functional genomics for this symbiotic nitrogen-fixing alpha-proteobacterium. One of these approaches is gene
disruption with subsequent analysis of mutant phenotypes. This method is efficient for single genes; however,
it is laborious and time-consuming if it is used on a large scale. Here, we used a signature-tagged transposon
mutagenesis method that allowed analysis of the survival and competitiveness of many mutants in a single
experiment. A novel set of signature tags characterized by similar melting temperatures and G+C contents of
the tag sequences was developed. The efficiencies of amplification of all tags were expected to be similar. Thus,
no preselection of the tags was necessary to create a library of 412 signature-tagged transposons. To achieve
high specificity of tag detection, each transposon was bar coded by two signature tags. In order to generate
defined, nonredundant sets of signature-tagged S. meliloti mutants for subsequent experiments, 12,000 mutants
were constructed, and insertion sites for more than 5,000 mutants were determined. One set consisting of 378
mutants was used in a validation experiment to identify mutants showing altered growth patterns.

Sinorhizobium meliloti is a model organism for studies of
plant-microbe interactions. This gram-negative soil bacterium
can enter an endosymbiosis with alfalfa plants through the
formation of nitrogen-fixing nodules. The availability of the
6.7-Mb S. meliloti genome sequence, which consists of one
chromosome (3.65 Mb) and two megaplasmids, pSymA (1.36
Mb) and pSymB (1.68 Mb) (16), has enabled transcriptome (5,
32), proteome (14), and metabolome (6) studies. These ap-
proaches focus on the monitoring of RNA, protein, and me-
tabolite levels. Moreover, a library of mobilizable plasmids
carrying all open reading frames of this microorganism has
been constructed (36). Another step toward a better functional
understanding of the S. meliloti genome is the creation of large
libraries of defined mutants by site-directed or random mu-
tagenesis. Such mutant libraries can be used to study each
mutant’s phenotype under defined conditions.

Usually, selection of mutants that can survive under certain
conditions is simple and efficient and can be performed using
a mixture of different mutants. However, selection of mutants
that have an attenuated phenotype in test conditions is prob-
lematic, because all mutants have to be checked one by one. A
microarray-based signature-tagged mutagenesis (STM) strat-
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egy (20; for reviews see references 4, 11, 19, 29, 34, and 38) can
overcome this problem.

Signature-tagged mutagenesis is based on a collection of
mutants split into sets, in which each mutant is modified by one
or more different signature tags. The tags are short DNA
segments that are unique for each mutant in a set and can be
amplified using invariant (for a review see reference 11) or
specific (26) priming sites. Tagged mutants from the same set
are pooled prior to an experiment, and each mutant in the
mixture can be identified based on the unique tag in its ge-
nome. The presence of a particular tag in the mixture can be
detected by a tag-specific PCR (26) or by hybridization of
amplified products to a dot blot (for a review see reference 11),
to a macroarray (for a review see reference 38), or to a mi-
croarray (18, 23, 44) containing tag-specific probes. In order to
integrate the signature tags into the genome, a PCR targeting
strategy (39, 44) or a strategy based on libraries of tag-carrying
transposons can be used. Different variants of the latter were
used in numerous studies that were aimed at identifying genes
important for virulence of pathogenic bacteria (for a review,
see reference 4).

In transposon-based STM, the number of mutants that can
be pooled in one experiment depends on the number of trans-
posons containing different tags. The largest tagged transposon
library reported so far contains 192 transposons (23). In this
study, we describe construction of a novel set of 412 mini-Tn5
(mTn5)-based signature-tagged transposons and use of this set
for STM of S. meliloti. A large signature-tagged S. meliloti
library was generated. Here we describe mapping of insertion
sites for more than 5,000 mutants of this library and pilot
competition experiments in which a subset of mutants were



4330 POBIGAYLO ET AL.

APPL. ENVIRON. MICROBIOL.

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant characteristics®

Source or reference

S. meliloti Rm2011 Wild type, Nx" Sm"

E. coli strains

J. Dénari¢, France

DH5«a F~ supE44 AlacU169 ($680lacZAM15) hsdR17 recAl endA17 gyrA96 thi-1 relAl 35

S$17-1 MM294, RP4-2-Tc::Mu-Km::Tn7, chromosomally integrated 40
Plasmids

pBC KS(—) Cloning vector, Cm', 3.4 kb Stratagene

pG18Mob2 pK18Mob derivative, Gm', 2.8 kb 24

pCRS530 Contains mTn5-GNm, Km" Ap* 31

pG18-STM pG18Mob2 derivative containing modified mTn5-GNm, Km" Gm" This study

“ Ap', ampicillin resistance; Cm’, chloramphenicol resistance; Gm', gentamicin resistance; Km®, kanamycin resistance; Nx', nalidixic acid resistance; Sm', strepto-

mycin resistance.

used in combination with a microarray carrying probes specific
for the tag sequences.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains and plasmids are
listed in Table 1. Escherichia coli strains were grown at 37°C in Luria-Bertani
medium (35). S. meliloti cells were grown at 30°C in tryptone yeast extract (TY)
complex medium (8), 2*TY medium (10 g/liter tryptone, 6 g/liter yeast extract,
0.4 g/liter CaCl,), or Vincent minimal medium (VMM) (7, 42). When required,
the media were supplemented with kanamycin (50 pg/ml), gentamicin (10 pg/
ml), or chloramphenicol (170 mg/ml) for E. coli or with neomycin (120 pg/ml),
streptomycin (600 wg/ml), and nalidixic acid (10 wg/ml) for S. meliloti.

Construction of the mTn5 STM transposon and carrier plasmid pG18-STM.
Plasmid pG18-STM (Fig. 1) carrying the transposase gene tnpA** and a modified

a) Xbal

tnpA*

pG18-STM
7.6 kb

mTn5-STM

mTn5-GNm transposon was constructed by using suicide vector pG18Mob2 (24).
Restriction, annealing, ligation, PCR, transformation, and plasmid isolation were
performed using standard methods (35).

First, the HindIII restriction site situated 1,105 bp downstream of the start
codon of the tnpA* gene from pCRS530 (13, 31) was mutated by using the
procedure described by Carter (10). The tmpA** gene containing the mutated
HindIII restriction site (GAGCTT) was inserted into the SphI and Xbal restric-
tion sites of pG18Mob2. The mini-transposon mTn5-GNm was recovered from
pCRS530 using the flanking Xbal and EcoRI restriction sites and was inserted
into pG18mob2. Subsequently, the HindIII restriction site in the polylinker of
pG18Mob2 was inactivated by treatment of the HindIII sticky ends with the
Klenow enzyme and blunt-end ligation.

An artificial linker (AATTCGGCCGCCTAGGCCAAAGGACGTGGTTTA
CGGGGCACGTAGTTTAAGGAAGTACGGTAAGGTACCGGGGGTGGCG
GCATTCATATAGCTGCGTGATTTCATTTTAACTCCCCTCCGCCGCAAG

Sfps . P3P 51 S, Nofl

— K80 —

FIG. 1. (a) Vector constructed for sequence-tagged mutagenesis of S. meliloti, based on pG18Mob2 containing a modified mTn5-GNm
transposon and transposase gene tnpA** devoid of the HindIII restriction site. (b) Detailed diagram of the mTn5-STM transposon. The artificial
linker designated AL was inserted into the Sfil restriction site of mTn5-GNm. HindIII and Kpnl restriction sites of the artificial linker were used
to clone the signature tags (H tag and K tag). P1, P2, P3, and P4 indicate the annealing sites for primers P1_Kpn, P2_Kpn, P3_Hind, and P4_Hind,
respectively; Qseql indicates the annealing site for the sequencing primer. IE and OE indicate the inside and outside ends required for

transposition.
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CTTAGGTGGACCGTCGTAGAGCTAGTAGGGCTCAATGCACCAGGA
CTAGGCCGCCTAGGCCGAATTC) containing four priming sites (underlined)
flanking KpnI and HindIII restriction sites (boldface type) for insertion of variable
tag sequences was generated and inserted into the Sfil restriction site of the mTn5-
GNm transposon (13, 31), which resulted in transposon mTn5-STM (Fig. 1b).
Candidate sequences were designed using the program DNASequenceGenerator
(15). For primer design, 87 candidate sequences that fulfilled the following require-
ments were generated: less than seven identical contiguous nucleotides, a length of
21 bp, a melting temperature of 65°C to 70°C, and no Kpnl, HindIII, EcoRI, or Sfil
restriction sites. Four of these primer sequences were chosen for construction of the
linker sequence. The primer and linker sequences were checked for similarity to the
S. meliloti genome using the program vmatch (http://www.vmatch.de) (1). Sequences
with the lowest levels of similarity to the S. meliloti genome were chosen. The linker
was synthesized as six separate oligonucleotides that were annealed and ligated using
the sticky ends of the Kpnl and HindIII restriction sites.

Design of tag sequences and cloning into the mTn5-STM transposon. A total
of 1,498 signature tags that were 24 nucleotides long and had melting temper-
atures between 69.5°C and 70.5°C were designed using the programs DNA
SequenceGenerator and vmatch and allowing sequence identity of less than eight
contiguous nucleotides. One half of the tags had sticky ends for the HindIII
restriction site, and the other half had sticky ends for the Kpnl restriction site.
These tags, which are referred to below as H tags and K tags, respectively, were
inserted into the linker cassette of transposon mTn5-STM.

Tags were synthesized as complementary single-stranded oligonucleotides and
annealed prior to insertion into the linker. Complementary single-stranded oli-
gonucleotides (50 uM) were mixed in 0.1 M NaCl. After incubation at 95°C for
3 min, samples were slowly cooled to 4°C. For ligation, 3 to 5 ng of plasmid (0.5
wl) was mixed with 7.3 pl of the annealed tag solution, 0.5 wl of polyethylene
glycol (nested deletion kit; Amersham), 0.7 pl of T4 DNA ligase (1 U/ul;
Roche), and 1 pl of T4 ligase buffer (Roche). Ligation was carried out overnight
using a temperature gradient from 16°C to 8°C. Transformation of E. coli strain
DHS5a was performed as described previously (21). First, the H tags were in-
serted into the HindIII restriction site of pG18-STM. Subsequently, K tags were
cloned into the Kpnl restriction site of each plasmid that contained an H tag
from the first tag cloning step. Tag-containing clones were verified by PCR using
primer pairs for amplification of the tags (primers P1_Kpn [AAAGGACGTGG
TTTACGGGGC] and P2_Kpn [TATATGAATGCCGCCACCCCC] in the case
of K tags and primers P3_Hind [ATTTTAACTCCCCTCCGCCGC] and
P4_Hind [TAGTCCTGGTGCATTGAGCCC] in the case of H tags). To check
if the tags were cloned correctly, the linker region of each plasmid was se-
quenced.

Transposon mutagenesis. E. coli S17-1-mediated conjugation (40) was used to
transfer the plasmids carrying the tagged transposons into S. meliloti strain
Rm2011. The transconjugants were selected on 2*TY medium supplemented
with nalidixic acid, streptomycin, and neomycin. Clones were picked and rear-
rayed in sets of mutants.

Mapping of transposon insertion sites. Transposon insertion sites were
mapped by sequencing of the transposon-genome junction region using primer
Qseql (ATCTAGCCCGCCTAATGAGC) (Fig. 1b). Sequencing was performed
by QIAGEN (Hilden, Germany) using genomic DNA as the template. No am-
plification or cloning steps were carried out.

For transposon insertion site mapping, the GenDB annotation system was
used (30). A GenDB extension was used for automated transposon position
identification, and the sequences of transposon-genome junction regions were
compared to the S. meliloti genome using the BLAST algorithm (3). The tran-
sition from the transposon sequence to the genome sequence was identified as
the “jump-in” position and was mapped onto the S. meliloti genome.

Contents and layout of the tag microarray. The mTn5-STM-1 microarray
contained 23-mer oligonucleotides carrying 5’ C,,-amino modifications. The
probes were directed against the variable sequences of signature tags of the 412
mTn5-STM transposons. A microarray slide contained two arrays, each with 4,608
spots in 16 grids consisting of 18 rows and 16 columns. The 16 grids were arrayed in
a 4-by-4 pattern. Each oligonucleotide was present in at least four replicates per
array. In addition, three 23-mer genomic control sequences were printed in 192
replicates. Spotting was performed as described previously (25). Tag sequences
and the layout of the mTn5-STM-1 microarray are described at http://www.cebitec
.uni-bielefeld.de/groups/nwt/transcriptomics_facility/services_and_printed_arrays/.

Competition experiments and probe preparation. Roughly equal quantities of
378 mutants containing different tags were mixed, and the mixture was stored as
a glycerol stock. Part of the mutant mixture was stored separately and used as a
reference (input pool). In all experiments, three biological replicates were used.
Rich (TY) medium and minimal medium (VMM) were inoculated with the
glycerol culture stock of the mixture of mutants to obtain an optical density at
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600 nm (ODgj) of 0.003. For salt- and detergent-induced stress experiments, S.
meliloti cells were cultured in TY medium for 6 h after inoculation, and then
NaCl was added to a concentration of 400 mM or sodium dodecyl sulfate (SDS)
was added to a concentration of 0.87 mM. Cultures reached the stationary
growth phase at an ODg, of 14 in TY medium, at an ODg, of 11.3 in VMM,
and at an ODy, of 8.5 in stressed cultures. In all conditions, cells were collected
in the exponential growth phase (ODg, for TY medium cultures, 7.2; ODy, for
VMM cultures, 5.9; ODg, for NaCl-stressed cultures, 4.5; and ODg, for SDS-
stressed cultures, 5). Genomic DNA was isolated using a NucleoSpin Tissue kit
(Macherey-Nagel). Tags were amplified using primers P1_Kpn and P2_Kpn in
the case of K tags and primers P3_Hind and P4_Hind in the case of H tags (Fig.
1b), which were 5" modified by Cy3 in the case of the experiment and by Cy5 in
the case of the input pool. PCR products were purified using a NucleoSpin
Extract PCR purification kit (Macherey-Nagel).

Hybridization and image acquisition. Fluorescently labeled PCR products
were lyophilized and resuspended in Easyhyb hybridization solution (Roche
Diagnostics). Preprocessing of microarrays was performed as described previ-
ously (25). Hybridization was carried out at 36°C for 1 h with an HS4800
hybridization station (Tecan). Before a hybridization sample was applied to a
microarray, it was denatured for 3 min at 95°C. Following hybridization, the
arrays were washed twice in 2X SSC-0.2% SDS for 5 min at 30°C and then twice
in 0.5X SSC for 2 min at 20°C (1X SSC is 0.15 M sodium chloride plus 0.015 M
sodium citrate, pH 7.0).

Spot detection, image segmentation, and signal quantification were performed
using the ImaGene 6.0 software (Biodiscovery), as described previously (7).

Normalization and statistical analysis of microarray data. After image pro-
cessing, the mean intensity (a; value) was calculated for each spot using the
formula a; = log>(R,G))**, where R; = Ipi; — Bgenyi and G; = Ienoi — Benai,
where I,;; and I,,; are the intensities of spots in channel 1 and channel 2,
respectively, and Bg.,;; and Bgg,,; are the background intensities of spots in
channel 1 and channel 2, respectively. The log, of the ratio of intensities (m;
value) was calculated for each spot using the formula m; = log,(R,/G;) (7).
LOWESS normalization (45) based on local regression that accounted for in-
tensity and spatial dependence in dye biases was performed for data for the two
tags separately. At the next step, the distances between the H and K tags for each
mutant (c,) were calculated using the formula

+
ny ng |

[ [stdy®  stdi?|
¢, = (lmeany — meang|) ( \

where meany; and meany, stdyy and stdg, and ny; and ng are the means, standard
deviations, and numbers of mean intensity values, respectively, for a single
mutant. Subsequently, 10% of the mutants with the highest ¢, values and there-
fore with the greatest difference between the H and K tags were removed.

For each mutant and experiment the weighted mean of the medians of the m
values (mean,,) derived from the biological replicates was calculated by combin-
ing values for H tags and K tags, using the formula

mean, 21 " p; X median,
W=7 ; ;
i=1

where 71, 1;, and median; are the number of replicates, the number of spots of
replicate i, and the median of the m values of replicate i, respectively, and
n= z’”” i is the overall number of spots.

Mutants whose mean,, values were greater than 0.7 and mutants whose mean,,
values were less than —0.7 were considered to have induced and attenuated
phenotypes, respectively. The data matrix for cluster analysis after filtering of
absolute m values consisted of 29 rows (mutants) and four columns (conditions).
K-means clustering (28) for group mutants that exhibited similar behaviors in the
four growth conditions was performed using K = 8 and a distance based on an
uncentered Pearson correlation.

Nucleotide sequence accession number. The sequence of plasmid pG18-STM
has been deposited in the GenBank database under accession no. DQ408591.

RESULTS AND DISCUSSION

Construction of a signature-tagged transposon library and
mutagenesis of S. meliloti. STM was successfully used to study
genes important for competitiveness and survival of a number
of pathogenic bacteria in the host. Here, we applied a modified
STM approach to a symbiotic bacterium and combined it with
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FIG. 2. (a) Construction of the transposon mutant library. Nx, nalidixic acid; Nm, neomycin; Sm, streptomycin. (b) Schematic diagram of a
competition experiment using signature-tagged mutants. The microarray image shows one of the 16 grids of the mTn5-STM-1 microarray.

determination of transposon insertion sites in the mutants.
This approach was based on transposons that were each mod-
ified by two different short 24-bp signature tags, similar to the
method used by Karlyshev et al. (23). The utilization of short
tags with similar G+C contents and melting temperatures
made it possible to construct a large library of tagged trans-
posons because these tags were amplified with similar efficien-
cies and therefore no preselection of tags was required (11). A
high specificity of tag detection was achieved by bar coding
each transposon with two different tags.

The mini-transposon mTn5-GNm (13, 31) used in this study
contains the nptll resistance gene and a promotorless gusA
reporter gene. mTn5-GNm was additionally modified by an
artificial linker containing HindIII and Kpnl restriction sites
for cloning and priming sites for amplification of the signature
tags. pG18-STM carrying the transposon modified by the
linker and a transposase gene was constructed as a carrier
plasmid for the signature-tagged transposons (Fig. 1).

A total of 1,498 different tags were designed, and 824 of
them were synthesized and used to generate a collection of 412
transposons. Each transposon in this set was individually
marked by two unique sequence tags. These transposons were

used for random mutagenesis of S. meliloti Rm2011 (Fig. 2a).
The RP4 mobilizable region (40) of pG18-STM enabled con-
jugal transfer of plasmids from E. coli donor strain S17-1 into
the S. meliloti recipient cells by biparental mating. Mutants
were selected based on resistance to neomycin conferred by
the nptll gene of the transposon. Twenty-four to 30 clones
were picked from each conjugation, resulting in a library of
12,000 tagged mutants. The mutant clones were rearrayed into
sets, each containing mutants that differed by their signature
tags. A microarray carrying tag-specific probes was constructed
and used for detection and quantification of mutants in pilot
competition experiments (Fig. 2b).

Mapping and statistical analysis of the mutant library sug-
gested that the insertion sites were random. The transposon
insertion sites of 5,089 mutants were determined by sequencing
the junction using primer Qseq1, which bound 64 bp upstream
of the linker with the cloned tags (Fig. 1b). Therefore, it was
possible not only to determine the insertion sites of the trans-
posons but also to check the tags in the mutants. Figure 3
summarizes the results of transposon mapping. Mapped transpo-
son insertion sites of the mutants in the test set are shown in Table
S3 in the supplemental material. The complete list of mapped

pSymB 782 464 - |00 hits per gene |
|@1 hit per gene
8 |E>1 hit per gene |
15
e pSymA 730 | 354 .
2
Chromosome 1982 842 -
0 500 1000 1500 2000 2500 3000 3500 4000
No. of Genes

FIG. 3. Distribution of the mTn5-STM transposon insertions in the S. meliloti genome: genes with transposon insertions.
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mutations is available on the website of the public S. meliloti
GenDB Genome Project (http://www.cebitec.uni-bielefeld.de
/groups/nwt/sinogate).

We performed several statistical tests to ensure that the
distribution of transposon insertions was random and that the
mTn5-STM transposons had no hot spots in the S. meliloti
genome. An important parameter that shows the randomness
of transposon insertions is the quantity of genes that carry a
transposon insertion. A low number of genes hit by the trans-
poson indicates a bias in the pattern of transposition. In order
to determine the theoretical number of genes that has to be hit
by at least one transposon, the neutral-base-pair model (22)
was used. This model allows estimation of the number of gene
hits based on the genome length, the number of transposon
insertions, and the gene sizes. Applying this model to the
library of 5,089 S. meliloti transposon mutants, we predicted
that 2,890 genes (standard deviation, 378 genes) had to be
mutated. The actual number of genes that were hit by at least
one transposon was 2,711 (43.68% of the predicted number in
S. meliloti 6207 protein-encoding genes), which was consistent
with the expectations based on the neutral-base-pair model.

Furthermore, we performed a genome-wide analysis of all
transposon insertion sites in relation to the G+C (A+T) con-
tent. Using a 100-bp window centered at the transposon inser-
tion position, we calculated the mean G+C (A+T) content.
The differences between the mean G+C and A+T contents
within all of these windows and the mean G+C and A+T
contents of the whole genome were 0.2% (G+C) and 0.1%
(A+T). We also performed a x* test to exclude balancing
effects in deviations of the G+C (A+T) content mean. The
result was very low x? scores, 12.8 for the G+C distribution
and 14.2 for the A+T distribution with 2,710 degrees of free-
dom, implying that there was no preference of the mTn5-STM
transposons to jump into G+C- or A+T-rich regions.

In order to test the uniform distribution of all transposon
insertions, we performed a x* test. Using a P value of 0.01 and
29 degrees of freedom per replicon, we found that a uniform
distribution was highly improbable. This could have been ex-
plained by the existence of essential genes that were not rep-
resented in the mutant library. Moreover, mutations that re-
sulted in slow growth of bacteria under the conditions used for
selection of the transconjugants in this study resulted in un-
derrepresentation of such mutants in the library. We therefore
repeated the x* test, assuming that the S. meliloti genome
contains essential genes. There is not enough information
available about the quantity and position of essential genes in
the S. meliloti genome that we could exclude defined groups of
genes from the x? test. To cope with this problem, we created
sets of randomly chosen genes and performed the x? test many
times, leaving out one of the gene sets each time. The numbers
of genes per set ranged from 1 to 100% of all genes that were
localized on a certain replicon and did not have transposon
insertions.

Such a modified x> test showed that the distribution of
transposon insertions in the genome was likely to be random.
The best x* test result for pSymB was a likelihood of 90% for
a random distribution of transposons in this replicon. This
result was obtained when a set containing 6% of the genes with
no transposon insertion was excluded from the test. For
pSymA, we observed an 87% likelihood of randomness when
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10% of the genes with no hit were left out. In contrast, when all
genes that did not have a transposon insertion were excluded
from the x? test, the probability that the distribution was ran-
dom was less than 11% for both megaplasmids.

Although the modified x? test worked well for the megaplas-
mids, it failed in the analysis of the transposon insertion dis-
tribution throughout the S. meliloti chromosome. We could not
find a set of genes whose exclusion from the x? test increased
the likelihood of randomness to more than 15%. The reason
for this might have been a high proportion of essential genes
on the chromosome (9) and the great size of the replicon,
which led to the large fraction of genes not hit by a transposon.
Therefore, a random search to detect essential genes seems to
be unsuitable if the number of transposon insertions is not
saturating. Nevertheless, based on the data for pSymA and
pSymB and the results from the analysis of transposon inser-
tion sites in relation to the G+C (A+T) content, we assumed
that there was genome-wide random distribution of transposon
insertion sites.

Pilot competition experiments identified signature-tagged
mutants with altered growth patterns under different condi-
tions. In order to validate our STM approach, pilot experi-
ments were carried out using a set of 378 signature-tagged
mutants. The test conditions used were growth in rich (TY)
medium and minimal medium (VMM), as well as growth in
high-osmolarity medium and in medium containing SDS as a
detergent. In all cases, the input pool was used as the refer-
ence. Each experiment was repeated three times using inde-
pendent cultures.

The method used for processing the tag microarray data
differed from the standard methods used for microarray data
analysis due to the use of two signature tags per mutant and
because of the comparatively small number of spots on the tag
microarray.

After filtering steps performed to exclude technical and non-
significant variations, 29 mutants were found to have a changed
phenotype in at least one of the conditions tested. Using a
K-means clustering approach, these mutants were divided into
eight clusters corresponding to the pattern of competitiveness
(Table 2 and Fig. 4).

Cluster 1 contained clones that were highly competitive un-
der most of the conditions tested. In particular, it included an
flgl mutant, which was impaired for synthesis of flagella. The
fast-growth phenotype of this mutant supports the observation
that the synthesis of flagella is energetically disadvantageous
(27). Two other mutants in this cluster were paaG (SMb21633)
and aroE2 (SMb20037) mutants. paaG encodes a putative
enoyl-coenzyme A hydratase/isomerase involved in phenylace-
tate catabolism, and aroE2 codes for a putative shikimate 5-de-
hydrogenase protein involved in chorismate metabolism. Both
genes have paralogs in the S. meliloti genome.

Cluster 2 contained clones that were highly competitive in
TY medium and VMM under nonstress conditions. This clus-
ter consisted of three mutants bearing a transposon insertion
in fixI2 (encoding an E1-E2-type cation ATPase), in SMb20476
(coding for a putative ABC transporter periplasmic dipeptide-
binding protein), and in the intergenic region between
SMb20518 (encoding a putative endohitinase) and SMb20519
(encoding a conserved hypothetical protein), probably influ-
encing transcription of SMb20519.



4334 POBIGAYLO ET AL.

APPL. ENVIRON. MICROBIOL.

TABLE 2. Characteristics of mutants having altered phenotypes

mean,, for mutant grown in:

Mutant Mutated gene® Gene product
TY VMM TY+SDS TY+NaCl
Cluster 1 (highly competitive
under most of the
conditions tested)
2-2E SMb21633 0.39 0.55 0.67 0.88 PaaG enoyl-coenzyme A hydratase protein
3-5A SMb20037 0.90 0.79 0.65 0.71 AroE2 shikimate 5-dehydrogenase protein
3-6D SMc03032 0.51 0.29 0.83 0.81 FlgI flagellar P-ring precursor transmembrane
protein
Cluster 2 (highly competitive
in TY medium and
VMM under nonstress
conditions)
1-3 pSymB.543971 1.46 0.77 —0.01 0.12 Intergenic
1-5G SMa0621 1.02 0.79 0.07 0.12 FixI2 E1-E2-type cation ATPase
3-12B SMb20476 0.92 0.61 —0.09 0.14 Putative ABC transporter periplasmic
dipeptide-binding protein
Cluster 3 (impaired growth in
VMM)
1-11C SMc04346 —0.33 —1.08 —0.11 —0.04 IlvC ketol-acid reductoisomerase protein
2-9A SMc02899 0.10 —0.83 0.26 0.04 PheA prephenate dehydratase protein
3-1C SMc01842 —0.20 -0.99 —0.15 0.08 Putative methyltransferase transcription
regulator protein
4-12C SMc01053 —0.32 -1.35 —0.08 —0.01 CysG siroheme synthase protein
4-1H SMc03776 —0.65 -1.23 0.21 0.01 ProBl1 glutamate 5-kinase protein
Cluster 4 (highly competitive
in stress conditions)
2-11B SMc01881 —0.50 —0.47 2.09 2.03 PanB 3-methyl-2-oxobutanoate
hydromethyltransferase protein
2-5SH SMc03164 —0.18 —0.08 0.77 0.43 XylB xylulose kinase protein, putative
2-TH pSymB.96435 0.28 0.11 0.82 0.43 Intergenic
3-10H SMb20360 —0.36 -0.22 1.67 1.50 Hypothetical protein, putative protease
subunit of ATP-dependent Clp protease
3-11B pSymB.1003846 0.19 0.43 1.95 1.85 Intergenic
3-5B SMb20931 0.12 0.21 0.94 0.76 Putative sugar uptake ABC transporter
periplasmic solute-binding protein
precursor
Cluster 5 (impaired growth
under all conditions
tested; strongly impaired
growth in VMM)
2-9E SMc03782 —0.40 —1.01 —0.37 -0.52 Hypothetical signal peptide protein
3-7D SMc01174 —0.58 -0.77 —0.40 -0.37 CysK2 cysteine synthase A protein
Cluster 6 (low competitiveness
under normal conditions
and slightly increased
competitiveness under
stress conditions)
3-11D SMb20377 —0.67 —0.90 0.46 0.46 Putative translation initiation inhibitor protein
3-12D SMc00334 —1.26 —0.98 0.79 0.51 Cmk cytidylate kinase protein
Cluster 7 (low competitiveness
under normal conditions
but not disadvantaged in
stress conditions)
3-12C SMc00808 —0.76 -0.35 0.21 0.15 ChrA chromate transport protein
4-10C SMa0091 =0.75 —0.42 0.13 0.13 Conserved hypothetical protein
4-11C SMc02597 -0.72 —0.50 —0.03 —0.13 SodC superoxide dismutase Cu-Zn precursor
transmembrane protein
4-12D SMa0070 —0.75 —0.46 0.13 0.08 ABC transporter permease
Cluster 8 (impaired growth in
TY medium and partially
impaired growth under
other conditions)
2-1H SMc01219 —0.64 -0.35 —0.74 -0.19 Lipopolysaccharide core biosynthesis
mannosyltransferase LpsB
3-11H SMc01700 —0.72 -0.31 —0.26 —0.24 Peptidyl-prolyl cis-trans isomerase A (PpiA)
3-8C SMc02050 —0.74 —0.70 —0.54 —0.49 Trigger factor protein Tig, probable
4-12B SMc02144 -1.17 —0.65 —0.70 —0.62 PstC phosphate transport system permease

ABC transporter protein

“ For mutants carrying a transposon insertion in an intergenic region the exact position of insertion in the replicon is given.
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FIG. 4. K-means cluster analysis of tag microarray data. The normal-
ized m values for the mutants with changed phenotypes are shown. Rows
indicate separate mutants, and columns represent specific growth condi-
tions. Green indicates an attenuated phenotype, and red indicates an
intensified phenotype.

The growth in VMM of mutants that belonged to cluster 3 was
strongly impaired. Characteristically, all mutants in this cluster
had a transposon insertion in genes involved in the synthesis of
amino acids or cofactors not present in VMM, including isoleu-
cine/valine (ilvC), phenylalanine (pheA), ubiquinone/menaqui-
none (SMc01842), cysteine (cysG), and proline (proBI). It was
previously shown that ilvC mutants of S. meliloti are isoleucine/
valine auxotrophs (2) and that cysG mutants of Rhizobium etli are
cysteine auxotrophs (41).

Cluster 4 contained six mutants that exhibited high compet-
itiveness in stress conditions but not in nonstress conditions.
Two of these mutants had a transposon insertion in the inter-
genic regions of pSymB, preceding SMb20088 (encoding a
conserved hypothetical protein) and upstream of SMb21337
(coding for a putative iron-sulfur-binding protein, probably
a subunit of an oxidoreductase-like aldehyde oxidase or xan-
thine dehydrogenase). This cluster also contained a panB
(SMc01881) mutant. In Salmonella enterica, a panB mutation
causes auxotrophy for pantothenate (33). We suggest that in S.
meliloti the function of PanB can also be performed by another
protein, probably by the product of SMb20821, which at the
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amino acid level exhibits 31% identity with the SMc01881
product and contains a conserved PanB domain. Three other
clones in cluster 4 had mutations in xy/B (coding for a putative
xylulose kinase protein that participates in degradation of
D-xylose), SMb20360 (encoding a putative protease subunit of
an ATP-dependent Clp protease), and SMb20931 (coding for
a putative sugar uptake ABC transporter periplasmic solute-
binding protein precursor).

Cluster 5 contained two clones, cysK2 and SMc03782 mu-
tants, whose growth was impaired under all conditions tested
and was more strongly impaired in VMM. cysK2 encodes a
probable cysteine synthase A (O-acetylserine sulthydrylase A),
whereas the gene product of SMc03782 has similarities to
membrane-bound metallopeptidases involved in cell division
and chromosome partitioning.

The competitiveness of mutants in clusters 6 and 7 was
impaired more strongly under normal conditions than under
stress conditions. Such a pattern probably occurred due to the
fast growth of nonstressed cultures in the exponential phase
compared to the growth of SDS- and salt-stressed cultures.
Mutants that grew and divided more slowly than other mutants
may have been less competitive in the fast-growing cultures
than in stressed slowly growing cultures, if the slow-growth
phenotypes were not caused by the stress conditions them-
selves. Cluster 6 contained mutants with mutations in the cmk
gene encoding a putative cytidylate kinase and in SMb20377
encoding a putative translation initiation inhibitor protein.
Cluster 7 contained two clones with mutations in transporter
genes (chrA and SMa0070), a sodC (coding for a superoxide
dismutase) mutant, and an SMa0091 (encoding a hypothetical
protein) mutant.

Cluster 8 contained mutants whose growth was impaired in
TY medium and was partially impaired under other conditions.
This cluster included an /psB (encoding a lipopolysaccharide
core biosynthesis mannosyltransferase) mutant whose compet-
itiveness was weakened in a fast-growing TY medium culture
and in a TY medium-SDS culture. Since it was previously
shown (12) that [psB mutants are sensitive to sodium deoxy-
cholate, we expected this mutant to be attenuated in SDS-
containing medium as well. The second mutant in the cluster
had a transposon insertion in the ppi4 gene, which encodes a
peptidyl-prolyl isomerase. This enzyme has a chaperone-like
activity and facilitates the cis-frans isomerization of peptide
bonds N terminal to proline residues within polypeptide chains
(37). Interestingly, another mutant in this cluster had a trans-
poson insertion in the #ig gene that encoded a peptidyl-prolyl
isomerase as well. Trigger factor encoded by #ig is a ribosome-
bound protein that combines two functions, peptidyl-prolyl
isomerization and chaperone-like activities (17), similar to the
ppiA gene product. Cluster 8 also contained a pstC mutant,
whose slow-growth phenotype was especially noticeable in the
fast-growing TY medium culture and was less obvious in VMM
and in the stressed cultures. In E. coli, pstC encodes a per-
mease protein of a high-affinity P;-specific ABC transporter
(43). A comparatively high concentration of inorganic phos-
phate in VMM might have been the reason for the faster
growth of the pstC mutant in this medium than in TY medium.

Three mutants that showed altered growth behavior during
cultivation of the mutant pool in VMM compared to the
growth behavior in TY medium were analyzed individually in
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competition with the wild type. In these competition experi-
ments the proB mutant (cluster 3) was analyzed in VMM,
whereas the chrA mutant (cluster 7) and the zig mutant (cluster
8) were tested in TY medium. In accordance with the compe-
tition experiment analyzing the mutant pool by quantification
of the signature tags in microarray hybridizations, the three
individually tested mutants showed reduced competitiveness
compared to the wild type.

Conclusions. In this study, we used a modified signature-
tagged mutagenesis strategy, which for the first time was ap-
plied to a nitrogen-fixing symbiotic bacterium. A novel set of
tags that does not require preselection of the tags was de-
signed, and a library of 412 different double-tagged trans-
posons was created using this set of tags. In a number of
previous studies the workers demonstrated that there was a
broad host range for transposition of the mTnJ transposon (for
a review see reference 34) for several organisms, including S.
enterica serovar Typhimurium, E. coli, Klebsiella pneumoniae,
Vibrio cholerae, Proteus mirabilis, Bacillus melitensis, Yersinia
pestis, and Citrobacter rodentium. This broad application spec-
trum in combination with the large number of signature tags
and the tag-specific microarray makes the mTn5-STM trans-
poson set a powerful and easy-to-use tool that can be applied
to a broad spectrum of bacteria.

An extensive library of transposon mutants containing more
than 12,000 clones was created by using the set of tagged
transposons. The transposon insertion sites were determined
for 42% of the mutants in this library. As a result, 44% cov-
erage of all predicted protein-encoding genes by mapped
transposon insertions was achieved. Analysis of the transposon
library suggested that the insertion sites of the mTn5-STM
transposons were random and that there were no hot spots.

Pilot experiments performed to verify the novel signature-
tagged transposon set in combination with a microarray hy-
bridization approach designed to identify and quantify individ-
ual mutants in the pool proved the reliability of this system for
identification of attenuated mutants. The statistical processing
of the tag microarray data comprising normalization and clus-
tering allowed identification of clusters of mutants that had
similar growth patterns under different growth conditions. We
found that clones carrying similar kinds of mutation were
grouped into the same cluster.

In future experiments, sets of mutants can be generated
using up to 412 mutants carrying different unique tags. These
sets should allow testing of the phenotypes of the mutants in
diverse conditions. Of special interest is utilization of the sig-
nature-tagged S. meliloti mutants to identify genes important
for survival and competitiveness in symbiosis with the host
plants.
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