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The success of a rhizobial inoculant in the soil depends to a large extent on its capacity to compete against
indigenous strains. M403, a Sinorhizobium meliloti strain with enhanced competitiveness for nodule occupancy,
was recently constructed by introducing a plasmid containing an extra copy of a modified putA (proline
dehydrogenase) gene. This strain and M401, a control strain carrying the same plasmid without the modified
gene, were used as soil inoculants for alfalfa in a contained field release experiment at León, Spain. In this
study, we determined the effects of these two strains on the indigenous microbial community. 16S rRNA genes
were obtained from the rhizosphere of alfalfa inoculated with strain M403 or strain M401 or from noninocu-
lated plants by amplification of DNA from soil with bacterial group-specific primers. These genes were
analyzed and compared by restriction fragment length polymorphism and temperature gradient gel electro-
phoresis. The results allowed us to differentiate between alterations in the microbial community apparently
caused by inoculation and by the rhizosphere effect and seasonal fluctuations induced by the alfalfa plants and
by the environment. Only moderate inoculation-dependent effects could be detected, while the alfalfa plants
appeared to have a much stronger influence on the microbial community.

Inoculation of legume crops with nitrogen-fixing soil bacte-
ria, collectively known as rhizobia, has been used widely to
improve legume productivity in the field. However, the intro-
duced inoculants often fail to become established in soils with
indigenous rhizobial populations (8, 45, 46, 48). In such soils,
the better-adapted indigenous populations tend to outcompete
the inoculants for nodule formation and saprophytic survival.
Thus, for an inoculant to be effective, the strains used must not
only fix nitrogen efficiently but also be highly competitive.
Genetic engineering can be used to improve the competitive-
ness of rhizobial inoculants. Indeed, highly competitive strains
of Rhizobium etli have been produced by introducing trifoli-
toxin-encoding genes into this bacterium (33). However, be-
fore the manipulation of genes conferring increased competi-
tiveness can be considered for construction of an ideal
rhizobial inoculant, the ecological risks associated with their
use should be evaluated by determining their effects on the
indigenous microbial community.

Proline dehydrogenase converts proline to glutamate and
has been implicated in the nodulation competitiveness and
colonization ability of Sinorhizobium meliloti (18, 19). There-
fore, to improve the competitiveness of an S. meliloti strain, we
constructed a new strain, M403, by introducing multicopy plas-
mids containing a highly expressed proline dehydrogenase
gene (putA) (49). We investigated the effects of this genetic
modification on nodulation competitiveness in the field by
inoculating pots buried in an agricultural field at Riego de la
Vega, León, Spain, with this strain and a control strain, M401,
which harbors the same multicopy plasmids without the mod-

ified putA gene. We found that the strain containing the mod-
ified putA gene occupied a higher proportion of nodules than
the control strain after 1 month (49). Data concerning the
persistence of M403 in soil and the plasmid stability in this
strain have shown that the modified putA gene tends to disap-
pear with time. This suggests that the probability of gene trans-
fer to natural populations is low. However, a rhizobial strain
with a putative metabolic advantage, such as M403, may dis-
place unrelated indigenous proline-dependent microbial pop-
ulations from the rhizosphere.

In most field release studies to date, nonrhizobial genetically
modified microorganisms were shown to cause only slight,
transient perturbations in the microbial communities indige-
nous to the rhizospheres of various crops (3, 6, 28, 29). Simi-
larly, lysimeter experiments (field experiments with polyvinyl
chloride cylinders containing soil columns) with rhizobial lu-
ciferase gene-tagged S. meliloti strain L33 and a RecA� deriv-
ative, L1, showed that these inoculants did not affect the in-
digenous microbial community (39). However, Schwieger and
Tebbe (40) reported that release of L33 into the field reduced
the number of types of �-proteobacteria and resulted in an
increase in the number of members of the �-proteobacteria in
the rhizosphere of alfalfa.

In most cases, culture-based methods, such as plating and
most-probable-number techniques, have been used to deter-
mine the effects of genetically modified microorganisms in the
soil following their release into the environment. However,
these methods are time-consuming and indirect, and the re-
sults often reflect information for only a small proportion of
the total microbial community (38). This has led to an increase
in the use of culture-independent techniques based on ampli-
fication of conserved genes, such as small-subunit rRNA genes,
from bacterial DNA or RNA isolated directly from the soil
(11). Several techniques have been developed to distinguish
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between amplicons with slightly different sequences by size,
single-strand conformation, or specific melting behavior. These
techniques include restriction fragment length polymorphism
(RFLP) (32), terminal RFLP (22), single-strand conformation
polymorphism (5, 38), and temperature gradient gel electro-
phoresis (TGGE)-denaturing gradient gel electrophoresis (26).

The aim of this work was to investigate the effects of M401
and the modified putA gene in M403 on the soil rhizosphere
bacterial communities. To detect alterations in the microbial
communities, we used a cultivation-independent approach by
amplifying 16S ribosomal DNA (rDNA) genes directly from
soil DNA during the course of the experiment. To increase the
breadth and resolution of the data, primers with various de-
grees of specificity were used together with RFLP and TGGE.

MATERIALS AND METHODS

Bacterial strains, field site, and inoculation. A description of the bacterial
strains, field site, and inoculation technique has been presented elsewhere (49).
Briefly, a field site at Riego de la Vega in northern Spain was partitioned into
nine plots, each containing nine partially buried pots filled with displaced soil. On
25 May 1999 three plots were sown with alfalfa (Medicago sativa L. cv. Aragón)
seeds coated with the inoculant M401 (5 � 105 bacteria/seed), three plots were
sown with alfalfa seeds coated with M403 (1.3 � 105 bacteria/seed), and the
remaining three plots were sown with seeds coated with sterile peat, as controls.
Both types of inoculant were derived from S. meliloti strain M4, which is naturally
resistant to streptomycin and is tagged with the gusA gene in the nonessential
region of the chromosome, between the recA and alaS genes (41). M401 harbors
the multicopy plasmid pBBRHG1, which confers mercury resistance (49). M403
harbors a derivative of this plasmid, pBBRHG3, which contains the putA gene of
S. meliloti preceded by the constitutive promoter of the kanamycin resistance
gene. Despite the constitutive nature of this promoter, proline nonetheless in-
duces an increase in expression of this putA gene (49). Authorization for the field
experiments was obtained from the Spanish Ministry of the Environment (res-
olutions B/ES/98/50 and B/ES/98/52).

Sampling. Rhizosphere soil samples (soil adhering to the roots) were obtained
from one pot from each of the nine plots 60, 98, and 159 days after inoculation,
on 24 July 1999, 31 August 1999, and 31 October 1999, respectively. This resulted
in three replicate samples for each of the three treatments. Samples of bulk soil
(soil not associated with plant roots) were also taken from each plot. Microbial
DNA was extracted from the soil as described below (32). To obtain rhizosphere
soil, alfalfa roots were washed in 50 ml of sterile phosphate-buffered saline (140
mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1.5 mM NaH2PO4) for 20 min. The
resulting soil suspension was then centrifuged for 5 min at 3,000 � g at 4°C. DNA
was extracted from the pellet, which corresponded to the rhizosphere soil.

DNA extraction. Total DNA was extracted from the soil by the protocol
described by Porteous et al. (32). Briefly, 500 mg of soil was homogenized in
sodium dodecyl sulfate lysis buffer containing guanidine isothiocyanate by ultra-
sonication. The bacteria were lysed by incubation at 68°C, and the DNA was
precipitated with potassium acetate, polyethylene glycol 8000, and a glycogen
carrier. The resulting crude DNA extract was further purified by dissolution in
hexadecyltrimethylammonium bromide buffer, followed by sonication, incuba-

tion at 68°C, and extraction with chloroform. The DNA was precipitated with
isopropanol, collected by centrifugation, dissolved in 2.5 M ammonium acetate,
and precipitated again with ethanol. Finally, the DNA was dissolved in 1�
Tris-acetate-EDTA (TAE) buffer (37) so that it could be further purified and
concentrated with a Microcon-100 microconcentrator (Amicon, Beverly, Mass.).
Typically, about 10 ng of high-quality soil DNA �l�1 was isolated by this pro-
tocol.

Primers and PCR conditions. All PCRs were performed with a Robocycler 40
apparatus (Stratagene). For RFLP analysis, PCR was used to amplify 16S rRNA
genes from total DNA extracted from soil with universal primers F536 and
R1406 or primers F67 and R685 specific for �- and �-proteobacteria (Table 1).
On the other hand, for TGGE analysis 16S rRNA genes from total DNA
extracted from soil were amplified by using the nested PCR approach. In the first
PCR, specific primers (Table 1), such as primers F203� and L to amplify the 16S
rRNA genes of �-proteobacteria, primers F948� and L to amplify the 16S rRNA
genes of �-proteobacteria, primers F243 and R1378 to amplify the 16S rRNA
genes of bacteria with high G�C contents (HGC primers), and primers F984 and
R1378 to amplify the 16S rRNA genes of most eubacteria, were used. The second
PCR was performed with universal primer R1378 in combination with primer
F984GC (Table 1), which consisted of primer F984 attached to a GC clamp and
was designed to prevent complete melting of the amplification product during
separation in the denaturing gradient (27).

The PCR mixtures used for RFLP analysis (final volume, 30 �l) contained 50
to 100 ng of template DNA, each deoxyribonucleoside triphosphate (dNTP) at a
concentration of 0.25 mM, 10� reaction buffer, 3.75 mM MgCl2, 2 U of Ampli-
Taq DNA polymerase (Stoffel fragment; Perkin-Elmer), 2.5 �g of T4 gene 32
protein (Boehringer), and each primer at a concentration of 0.25 �M. The PCR
program for universal primers F536 and R1406 consisted of heating the mixture
to 94°C for 5 min, followed by 25 cycles of 1 min of denaturation at 95°C, 1 min
of annealing at 62°C, and 2 min of extension at 72°C. The reaction was termi-
nated with a final extension step consisting of 72°C for 5 min. The PCR program
used for �- and �-proteobacterial primers (F67 and R685) consisted of heating
the mixture at 94°C for 5 min, followed by 20 cycles of 1 min of denaturation at
95°C, 1 min of annealing at 55°C, and 2 min of extension at 72°C and then a final
extension step of 72°C for 5 min.

The first amplification mixture for the nested PCR for TGGE analysis (final
volume, 25 �l) contained 1 �l of total DNA as the template, 2.5 �l of 10�
reaction buffer, MgCl2 at a concentration of 2.5 mM (for �-proteobacterial and
HGC primers) or 3.75 mM (for �-proteobacterial and universal primers), each
dNTP at a concentration of 0.2 mM, 2.5 �g (for �-proteobacterial primers) or
5 �g (for �-proteobacterial, HGC, and universal primers) of bovine serum
albumin to prevent inhibition of the reaction by impurities (36), 1 to 2.5 U of
AmpliTaq DNA polymerase, and each primer at a concentration of 0.2 �M. The
mixture was heated at 94°C for 5 min. It was then subjected to 28 cycles of 1 min
of denaturation at 94°C, 1 min of annealing at the specific annealing temperature
of each primer set (Table 1), and 2 min of extension at 72°C. The reaction ended
with a final extension step of 72°C for 10 min.

The second amplification of the nested PCR analysis was performed by using
1 �l of the products of the first reaction as the template. The reaction mixture
(final volume, 25 �l) contained 2.5 �l of 10� reaction buffer, 3.75 mM MgCl2,
each dNTP at a concentration of 0.2 mM, 4% acetamide, 2 U of AmpliTaq DNA
polymerase, 0.2 �M GC clamp primer F984GC, and 0.2 �M primer R1378. The
PCR was performed by using an annealing temperature of 53°C and the same
cycles that were used for the first amplification.

TABLE 1. Primers used in PCR experiments

Primer Positiona Sequence 5�33�
Annealing
temp (°C)

Refer-
ence(s)

F536 519–536 CAGCAGCCGCGGTAATAC 62 32
R1406 1406–1389 ACGGGCGGTGTGTACAAG 62 32
F67 50–67 AACACATGCAAGTCGAAC 55 32
R685 685–666 TCTACGCATTTCAC(CT)GCTAC 55 32
F984 968–984 AACGCGAAGAACCTTAC 53 15, 17
F984GC 968–984 CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGGAACGCGAAGAACCTTAC 53 15
R1378 1401–1378 CGGTGTGTACAAGGCCCGGGAACG 53, 63 15, 17
F243 226–243 GGATGAGCCCGCGGCCTA 63 15
F203� 175–203 CCGCATACGCCCTACGGGGGAAAGATTTAT 56 13
F948� 931–948 CGCACAAGCGGTGGATGA 64 13
L 1514–1494 CTACGG(AG)TACCTTGTTACGAC 56, 64 K. Smalla

a Escherichia coli numbering (4).
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RFLP. The RLFP analysis was performed as described by Porteous et al. (32).
Briefly, DNA amplified with universal primers or primers specific for �-and
�-proteobacteria was cleaned by precipitation with an equal volume of a mixture
containing 20% polyethylene glycol 8000 and 2.5 M NaCl. After incubation at
37°C for 15 min, the DNA was collected by centrifugation at 12,000 � g for 5 min.
The precipitate was then washed with 200 �l of 80% ethanol (�10°C) and dried.
The DNA was digested with the restriction enzyme HaeIII. The digestion pro-
cedure consisted of resuspending the DNA pellet in a 15-�l mixture containing
0.3 �l (3 U) of HaeIII, 1.5 �l of buffer, and 13.2 �l of water. The reaction mixture
was incubated at 37°C for 1 h, and samples were electrophoresed at 200 V on an
8% polyacrylamide gel (8 ml of a 40% acrylamide-bisacrylamide solution [29:1],
4 ml of 10� TBE buffer [37], 500 �l of a 10% ammonium persulfate solution, 40
�l of N,N,N�,N�-tetramethylethylenediamine, and enough water to bring the final
volume to 40 ml).

TGGE. We used the Maxi TGGE (Biometra) system according to the manu-
facturer’s instructions. The polyacrylamide gels used consisted of 0.17% (vol/vol)
N,N,N�,N�-tetramethylethylenediamine, 0.03% ammonium persulfate, 5% acryl-
amide-bisacrylamide (29:1), 1� TAE buffer (37), 2% glycerol, 8 M urea, and
20% formamide deionized with AG501-X8 mixed-bed resin (Bio-Rad). Aliquots
of the final PCR products (4 to 5 �l) for each of the nine samples at each time
point were loaded onto the gel and electrophoresed horizontally in 1� TAE
buffer for 16 h at a constant voltage of 130 V and with a temperature gradient of
45 to 60°C. Gels were stained as described by Heuer et al. (15). Selected bands
were excised from SYBR Green I-stained gels, and the corresponding DNA was
recovered by crushing the gel fragment containing a band in 100 �l of water and
incubating the mixture overnight at 4°C. The mixture was centrifuged (13,000 �
g for 15 min), and the supernatant was concentrated in a SpeedVac to 3 to 4 �l.
We used 1 �l of the concentrate for reamplification with universal primers under
the appropriate PCR conditions and inserted the amplified DNA product into
the pGEM-T Easy vector (Promega) by following the manufacturer’s instructions.
The resulting clones were sequenced with primers specific for the pGEM-T vector.

RESULTS

Inoculation-independent variations in the microbial com-
munity. Variations occurring within the soil microbial commu-
nities in the absence of the inoculant strains were analyzed by

studying the reproducible patterns generated by RFLP analysis
(Fig. 1) or TGGE (Fig. 2) performed with noninoculated sam-
ples throughout the experiment. Two types of inoculant-inde-
pendent changes could be distinguished. The first and most
obvious changes could be observed in both RFLP and TGGE
gels regardless of the primer sets used and involved differences
between bulk soil samples taken before inoculation and rhizo-
sphere samples taken after 60 days. These changes consisted of
new bands that appeared and other bands that disappeared,
suggesting that a selection process took place.

The second type of alterations involved seasonal fluctuations
within rhizosphere bacterial populations from 60 days onward,
but the changes were evident only when certain primer set-
fingerprint combinations were used. For instance, the RFLP
patterns obtained from the rhizosphere of noninoculated
plants with universal primers did not change significantly from
60 days onward, but the patterns obtained with �- and �-pro-
teobacterial primers at 159 days clearly differed from those
obtained with the same primers at 60 and 98 days (Fig. 1).
Similarly, the TGGE pattern obtained with universal primers
showed that there was a seasonal shift in a prominent band
(Fig. 2A, band 1), which was present in bulk soil and at 60 days
but was much less prominent at 98 days. On the other hand, in
the same gel a band which was less prominent at 60 days was
much more prominent at 98 days (Fig. 2A, band 2) and re-
mained prominent until the end of the experiment. Seasonal
fluctuations could also be observed in �-proteobacterial pop-
ulations when nonreproducible bands were ignored. For exam-
ple, a band which was present since 60 days apparently disap-
peared at 159 days (Fig. 2D). Meanwhile, another population
amplified with the same primers was more prominent at 98

FIG. 1. RFLP gels obtained with DNA from rhizosphere soil amplified with universal primers (A) or primers specific for �- and �-proteobac-
teria (B). Each gel shows the pattern obtained at each time point for a representative sample from the three replicate plots subjected to each
inoculation treatment. The dots indicate bands present or absent in some of the replicate samples. These nonreproducible bands were not
considered when we determined inoculation-dependent and -independent changes. The numbers below the gels indicate the numbers of days after
inoculation. NI, noninoculated; M401, inoculated with M401; M403, inoculated with M403.
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FIG. 2. TGGE gels obtained with DNA from rhizosphere soil amplified with universal primers (A) or primers specific for gram-positive bacteria
with high G�C DNA contents (HGC primers) (B), �-proteobacteria (C), or �-proteobacteria (D). Each gel shows the pattern obtained at each
time point for a representative sample from the three replicate plots subjected to each inoculation treatment. The dots indicate bands present or
absent in some of the replicate samples. These nonreproducible bands were not considered when we determined inoculation-dependent and
-independent changes. The arrowheads indicate bands that have been sequenced. The open arrowheads in panel D indicate examples of temporally
affected populations. T	0, T	60, T	98, and T	159, 0, 60, 98, and 159 days after inoculation; NI, noninoculated; 1, inoculated with M401; 3,
inoculated with M403. The marker consisted of amplified pure cultures of S. meliloti GR4 (Sm), Pseudomonas sp. strain M2L32 (P), Rhizobium
leguminosarum bv. viciae GRB11 (Rlv), and Bacillus sp. strain 1R18.2 (B).
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days (Fig. 2D) but was much less prominent at 159 days. On
the other hand, seasonal fluctuations could not clearly be dis-
tinguished in samples from 60 days onward by using the TGGE
patterns obtained with the HGC and �-proteobacterium-spe-
cific primers (Fig. 2B and C, respectively).

Changes in the microbial community caused by environ-
mental release of strains M401 and M403. Regardless of the
primers or fingerprint technique used, all patterns obtained
with bulk soil before inoculation were very similar, indicating
that the soil populations were homogeneous in all plots before
the experiment commenced. The amounts of M401 and M403
released were 3 orders of magnitude greater than the size of
the indigenous S. meliloti population (49). However, bands
corresponding to S. meliloti could not clearly be defined in
RFLP (data not shown) or TGGE (Fig. 2) gels. It has been
suggested that only populations that account for more than
0.1% of the total microbial population can be detected by
TGGE (16, 24); therefore, it appears that in our experiment,
even in inoculated plots, S. meliloti was not a dominant mem-
ber of the microbial community.

To determine if inoculation with increased amounts of S.
meliloti caused variations in the bacterial communities, we
compared the results obtained for M401-inoculated plots with
those obtained for noninoculated plots. The RFLP profiles
produced with universal primers did not differ (Fig. 1A). How-
ever, the RFLP patterns obtained with �- and �-proteobacte-
rial primers showed that the seasonal change observed in noni-
noculated plots at 159 days did not occur in plots inoculated
with M401. This change also did not occur in M403-inoculated
plots (Fig. 1B). On the other hand, the results obtained with
TGGE gels did not reveal any differences between M401-
inoculated plots and noninoculated plots (Fig. 2), even when
�-proteobacterium-specific primers were used. Therefore, the
results suggest that inoculation with S. meliloti permitted cer-
tain �-proteobacterial populations to be maintained longer in
the rhizosphere of alfalfa and that other populations remained
unaffected.

Finally, to determine the effect of the modified putA gene on
indigenous microbial communities, we compared the patterns
obtained at each sampling time for plots inoculated with M403
to the patterns obtained for either noninoculated or M401-
inoculated plots. Neither the patterns obtained by RFLP anal-
ysis with universal or �- and �-proteobacterial primers nor the
patterns obtained by TGGE analysis with �-proteobacterial or
�-proteobacterial primers revealed differences between M403-
inoculated plots and the noninoculated or M401-inoculated
plots. Nevertheless, after 159 days, an M403-specific band
could be discerned in the TGGE gel produced with the uni-
versal primers (Fig. 2A, band 3), and another band could be
discerned in the TGGE gel produced with the HGC primers
(Fig. 2B, band 5). Neither of these bands was found in the
M401-inoculated or noninoculated rhizosphere.

Analysis of the sequences of DNA isolated from TGGE
bands. Some of the bands from TGGE gels, but not the bands
from RFLP gels, could be excised and sequenced to obtain
phylogenetic information. As a result, we analyzed five bands
from the rhizosphere of alfalfa which appeared at 60 days but
were not present in bulk soil samples, two bands representing
populations showing seasonal dominance in the rhizosphere of

alfalfa, and the two bands which appeared only in M403-inoc-
ulated samples.

Populations represented by bands 4, 6, 7, 8, and 9 appeared
to be enriched in the rhizosphere of alfalfa. The DNA of band
4 displayed sequence similarity to DNA from Streptomyces
pseudovenezuelae, the DNA of band 6 displayed sequence sim-
ilarity to DNA from the unidentified sludge bacterium clone
T83, and the DNA of band 7 displayed sequence similarity to
DNA from the �-proteobacterial strain B7 (Table 2). Curi-
ously, the DNA sequences corresponding to bands 6 and 7
were also very similar to each other (data not shown). The
sequence obtained from band 8 displayed similarity to Burk-
holderia graminis DNA, while the sequence obtained from
band 9 displayed sequence similarity to Enterobacter amnigenus
DNA (Table 2).

The populations represented by bands 1 and 2 appeared to
be seasonally affected as the plant developed. The DNA se-
quence of band 1, a band that became less prominent with
time, displayed equally high levels of similarity to sequences
from Pseudomonas mendocina and Pseudomonas aeruginosa
(Table 2). On the other hand, the DNA sequence of band 2, a
band which appeared as the plant developed, displayed equal
levels of similarity to sequences from the soil bacteria Pseudo-
monas sp. strain 3-1, Pseudomonas brassicacearum, and Pseu-
domonas corrugata (Table 2).

The populations represented by bands 3 and 5 (Fig. 2A and
B) appeared to be specifically correlated to inoculation with
M403, which harbors the modified putA gene. The sequence of
the DNA corresponding to band 3 was very similar to a se-
quence from Rahnella aquatilis (Table 2). In contrast, the DNA
from band 5 appeared to be a heteroduplex molecule (12, 51)
consisting of a sequence not listed in databases fused to a
sequence very similar to a sequence from Kluyvera georgiana
(Table 2).

DISCUSSION

In this work, we studied the effect of contained environmen-
tal release of the genetically modified S. meliloti strains M401
and M403 on the indigenous microbial community in the rhi-

TABLE 2. Bands isolated from TGGE gels

Band Length
(bp)

Closest database reference
(GenBank accession no.)

% Simi-
larity

1 393 Pseudomonas mendocina ATCC 25411 (AF094734) 100
Pseudomonas aeruginosa ATCC 33350 (AF094720) 100

2 394 Pseudomonas corrugata clone B5 (AF060534) 100
Pseudomonas brassicacearum CFBP 11706

(AF100321)
100

Pseudomonas sp. strain 3-1 (AF126101) 100
3 394 Rahnella aquatilis ATCC 33989 (X79939) 100
4 400 Streptomyces pseudovenezuelae ISP 5212(AJ399481) 99.5
5a 413 Kluyvera georgiana ATCC 51603 (AF047186) 93.8b

6 389 Unidentified activated sludge bacterial clone T83
(Z93969)

98.4c

7 389 �-Proteobacterium B7 (AF035053) 93.3d

8 389 Burkholderia graminis AUS35 (U96941) 97.2
9 394 Enterobacter amnigenus isolate Q3-25-6 (AF060977) 99.7

a Possible heteroduplex molecule.
b Value for 241 bp.
c Value for 383 bp.
d Value for 363 bp.
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zosphere of alfalfa. M403, which harbors a plasmid containing
an inducible putA gene with high basal levels of expression, was
previously shown to transiently increase nodule occupancy un-
der field conditions compared to the nodule occupancy ob-
served with M401, which lacks the modified gene (49). The
indigenous microbial populations, which could have been af-
fected, were evaluated during the experiment by comparing
RFLP and TGGE molecular fingerprints of 16S rDNA genes
directly amplified from soil DNA with primers with various
degrees of specificity. On the whole, both fingerprint tech-
niques produced highly reproducible results, although there
were some exceptions for TGGE performed with �-proteobac-
terium-specific primers. However, since at each time point the
same DNA was used with other primer sets, which gave highly
reproducible patterns, it is unlikely that any lack of reproduc-
ibility was caused by problems associated with the techniques
used. Instead, the variations were probably due to plot- or
pot-specific factors to which �-proteobacterial populations
were especially sensitive. Therefore, nonreproducible bands
were not taken into account, which allowed us to detect inoc-
ulation-dependent and -independent changes in the structure
of the microbial communities.

Inoculation-independent effects. Inoculation-independent
factors which could affect microbial community structure in-
clude soil type, crop species, environmental factors, and an-
thropogenic effects, such as those caused by farming practices.
However, in our experiment these factors were similar for all
treatments. The quality and quantity of root exudates pro-
duced by alfalfa depend on its age and stage of development
(14). As root exudates are an important source of nutrition for
many rhizosphere microorganisms, changes in their composi-
tion may affect the patterns and activities of rhizobacterial
populations. In fact, alfalfa has been shown to increase the
concentrations of amino acids and sugars, CO2 respiration, and
enzyme activities in the soil (2). If possible microenviron-
mental variations are ignored, the inoculation-independent
changes observed in our experiment could, therefore, have
been due to a large degree to the growing alfalfa plants.

Fluctuations in the rhizosphere microbial populations asso-
ciated with different plants have been studied by several au-
thors (9, 10, 13, 21, 30, 40, 43). These authors observed that
some plants enrich certain populations from the surrounding
soil in what is known as the rhizosphere effect. For instance,
development of the maize plant specifically affected popula-
tions of Burkholderia cepacia (7), Paenibacillus azotofixans (42),
and Pseudomonas (31). In addition to maize, a generalized
rhizosphere effect has been detected for strawberry, potato,
and oilseed rape (13, 43). Additionally, seasonal fluctuations
were often observed in the rhizosphere microbial communities
established with these plants. Curiously, neither the rhizo-
sphere effect nor seasonal fluctuations were observed in chry-
santhemum or barley rhizosphere communities (9, 10, 30).
Therefore, different plants appear to have different effects on
the indigenous microbial populations.

Recently, the bulk soil and rhizosphere microbial communi-
ties associated with alfalfa also have been studied (52). The
authors, who used TGGE with universal primers, detected
minor seasonal shifts in the rhizosphere but did not detect
systematic community shifts in bulk soil. This suggests that
alfalfa also can have a rhizosphere effect. In our experiment we

could discern differences between the bulk soil community
before inoculation and the rhizosphere community 60 days
later. If we assume that the bulk soil microbial community
remained unchanged, our data likewise suggest that alfalfa
enriches certain populations in the rhizosphere.

In this work, detection of seasonal fluctuations in alfalfa
rhizosphere populations depended on the type of primer set
and fingerprint technique used. For instance, seasonal changes
were observed in RFLP patterns only when primers specific for
�- and/or �-proteobacteria were used. Seasonal changes were
also detected by TGGE performed with universal and �-pro-
teobacterial primers but not with �-proteobacterial or HGC
primers. This suggests that only the RFLP patterns of the
�-proteobacterial populations had been affected. Our results
are similar to those obtained for the maize rhizosphere (13),
although with the latter crop greater variation was observed in
the �-proteobacterial populations. The differences in microbial
communities associated with alfalfa and maize, together with
the differences observed between other plants (23, 40, 43, 52),
suggest again that rhizosphere bacterial community structure
depends on the plant species.

The DNA sequences of bands that appeared as a result of a
possible rhizosphere effect exhibited similarities with the se-
quences of bacteria which could be expected to be found in
soil. For instance, Streptomyces is typically found in soil, while
B. graminis and E. amnigenus have been isolated from the
rhizospheres of crops such as maize, wheat (50), and potato
(17). Other organisms, such as the activated sludge clone T83
and the �-proteobacterium B7, were found in activated sludge
(44) and drinking water (20) and could have been introduced
via irrigation. The two seasonally affected bands analyzed both
showed high sequence similarity to Pseudomonas species,
which have also been found in soil and aqueous environments.
Here, the population represented by band 1 could be a major
component of the bulk soil microbial community, as it was
found with nonspecific universal primers. On the other hand,
the population corresponding to band 2, which became more
dominant after 98 days, was a population of Pseudomonas
species, which have been found specifically in the rhizospheres
of common crops (1, 31, 17).

Effect of inoculation. In this study, only two effects could be
attributed to inoculation of M401 and M403. On the one hand,
the seasonal changes observed in �- and/or �-proteobacterial
populations by RFLP analysis in noninoculated plots were not
seen in plots inoculated with either strain. A comparison of this
observation with the data obtained with other primers, includ-
ing those specific for �-proteobacteria, suggests that the per-
sistence of certain �-proteobacterial populations in the rhizo-
sphere of alfalfa was extended by inoculation with M401 or
M403 or, more likely, by the increased quantity of S. meliloti
introduced into the soil upon inoculation. On the other hand,
TGGE data show that inoculation with M403, but not inocu-
lation with M401, resulted in the appearance of two extra
components in the microbial populations detected with the
universal and HGC primers. One of these two components
appeared to form part of a heteroduplex molecule. This indi-
cates that the presence of the modified putA gene has only a
modest effect on indigenous microbial populations, although
the physiological significance of the two affected populations
remains unknown. Previously, van Dillewijn et al. (49) re-
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ported that the concentrations of M401 and M403 decreased
from the 105 cells of each strain per g of seeds originally
released to below the detection levels (
102 CFU g of soil�1)
in bulk soil within 98 days, while in the rhizosphere the con-
centration of M401 decreased to 104 CFU g of soil�1 and the
concentration of M403 decreased to 102 CFU g of soil�1 at 159
days. Therefore, the apparently modest effect of the inoculants
on the indigenous microbial communities could be due to their
low levels of persistence.

Our results are comparable to those obtained after the re-
lease of other rhizobial strains. L33 is an S. meliloti strain
tagged with the luciferase gene (41). When this strain was
released in the field, single-strand conformation polymorphism
profiles of a 16S rRNA gene region and amplified ribosomal
DNA restriction analysis of isolated bacteria suggested that it
caused a reduction in the number of types of �-proteobacteria
and an increase in the number of members of �-proteobacteria
in the rhizosphere of alfalfa (40). Similar to field release of
M403, field release of an R. etli strain containing genes encod-
ing trifolitoxin resulted in increased nodulation competitive-
ness under agricultural conditions (34). However, trifolitoxin
kills many �-proteobacteria (47). As a result, ribosomal inter-
genic spacer analysis indicated that the inoculant caused a
dramatic reduction in the diversity of indigenous �-proteobac-
teria but did not affect other microbial populations (35). In this
study, TGGE analysis showed that �-proteobacterial popula-
tions, although apparently sensitive to plot- or pot-specific
factors, do not appear to be affected by inoculation with M401
or M403. On the other hand, inoculation with greater quanti-
ties of S. meliloti could have affected the persistence of certain
�-proteobacterial populations in the rhizosphere of alfalfa,
although the lack of effective �-proteobacterial primers did not
allow us to study this phenomenon in more detail. Moreover,
the presence of the modified putA gene in M403 appeared to
affect only two populations, which were detected with primers
which had not been used in the other studies.

Concluding remarks. Previously, M403 containing a modi-
fied putA gene was shown to be more competitive than the
control strain M401 with the local alfalfa-nodulating bacteria
for nodule formation. Here, we present results which permit an
in-depth view of the interactions (i) between alfalfa and the
indigenous microbial community, (ii) between S. meliloti inoc-
ulation and the indigenous microbial community, and (iii)
M403 inoculation or increased competitiveness bestowed by
the modified putA gene and the indigenous microbial commu-
nity. The data suggest that the alfalfa plant has a greater
influence on the microbial populations in the rhizosphere than
the inoculants. Inoculation with S. meliloti (M401 and M403) in
soils with small indigenous S. meliloti populations appeared to
affect some populations, but the effect of the modified putA
gene in M403 seemed to be limited to only two populations.
Therefore, in this case increased competitiveness only moder-
ately affected microbial communities.

When the results presented in this paper are interpreted,
limitations of the techniques should be taken into account.
DNA isolation from soil (32), PCR amplification (51), and
RFLP and TGGE analyses of 16S rDNA genes (16, 25) each
have biases which could affect the outcome of the patterns
presented. However, our results indicate that using primers
with different bacterial group specificities and different finger-

print techniques effectively increased the resolution. In this
way, RFLP provided better resolution for demonstrating the
effect of general S. meliloti inoculation (inoculation of both
M401 and M403), while TGGE proved to be better for iden-
tifying specific M403-dependent changes. Moreover, TGGE
permitted phylogenetic information to be obtained from iso-
lated bands (26). Nevertheless, it is possible that underrepre-
sented but ecologically important groups could have been af-
fected by inoculation but were not detected by the techniques
used in this work or that the effects were overshadowed by the
effects of the host plant. Thus, although the ecological risks
associated with the presence of M403 or control strain M401
appear to be low, we still could debate whether the few effects
of the engineered strains on the rhizosphere population were
significant. Nevertheless, our results suggest that at least in
principle the higher nodulation competitiveness and small eco-
logical effects associated with the modified putA gene could be
combined with traits such as increased nitrogen fixation to
obtain safe and highly efficient inoculants.
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11. Felske, A., B. Engelen, U. Nübel, and H. Backhaus. 1996. Direct ribosome
isolation from soil to extract bacterial rRNA for community analysis. Appl.
Environ. Microbiol. 62:4162–4167.

12. Ferris, M. J., and D. M. Ward. 1997. Seasonal distributions of dominant 16S

VOL. 68, 2002 EFFECT OF MODIFIED putA ON MICROBIAL COMMUNITY 4207



rRNA-defined populations in a hot spring microbial mat examined by de-
naturing gradient gel electrophoresis. Appl. Environ. Microbiol. 63:1375–
1381.

13. Gomes, N. C. M., H. Heuer, J. Schönfeld, R. Costa, L. Mendonça-Hagler,
and K. Smalla. 2001. Bacterial diversity of the rhizosphere of maize (Zea
mays) grown in tropical soil studied by temperature gradient gel electro-
phoresis. Plant Soil 232:167–180.

14. Hamlen, R., F. Lukezic, and J. Bloom. 1972. Influence of age and stage of
development on the neutral carbohydrate components in root exudates from
alfalfa plants grown in a gnotobiotic environment. Can. J. Plant Sci. 52:633–
642.

15. Heuer, H., M. Krsek, P. Baker, K. Smalla, and E. M. H. Wellington. 1997.
Analysis of actinomycete communities by specific amplification of genes
encoding 16S rRNA and gel-electrophoretic separation in denaturing gradi-
ents. Appl. Environ. Microbiol. 63:3233–3241.

16. Heuer, H., and K. Smalla. 1997. Application of denaturing gradient gel
electrophoresis (DGGE) and temperature gradient gel electrophoresis
(TGGE) for studying soil microbial communities, p. 353–373. In J. D. Van
Elsas, J. T. Trevors, and E. M. H. Wellington (ed.), Modern soil microbiol-
ogy. Marcel Dekker Inc., New York, N.Y.

17. Heuer, H., K. Hartung, G. Wieland, I. Kramer, and K. Smalla. 1999. Polynu-
cleotide probes that target a hypervariable region of 16S rRNA genes to
identify bacterial isolates corresponding to bands of community fingerprints.
Appl. Environ. Microbiol. 65:1045–1049.
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51. von Wintzingerode, F., U. B. Göbel, and E. Stackebrandt. 1997. Determina-
tion of microbial diversity in environmental samples: pitfalls of PCR-based
rRNA analysis. FEMS Microbiol. Rev. 21:213–229.

52. Wieland, G., R. Neumann, and H. Backhaus. 2001. Variation of microbial
communities in soil, rhizosphere, and rhizoplane in response to crop species,
soil type, and crop development. Appl. Environ. Microbiol. 67:5849–5854.

4208 VAN DILLEWIJN ET AL. APPL. ENVIRON. MICROBIOL.


