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ABSTRACT Antibiotics are entrained in agricultural soil through the application of ma-
nures from medicated animals. In the present study, a series of small field plots was es-
tablished in 1999 that receive annual spring applications of a mixture of tylosin, sulfa-
methazine, and chlortetracycline at concentrations ranging from 0.1 to 10 mg · kg�1

soil. These antibiotics are commonly used in commercial swine production. The field
plots were cropped continuously for soybeans, and in 2012, after 14 annual antibiotic
applications, the nodules from soybean roots were sampled and the occupying brady-
rhizobia were characterized. Nodules and isolates were serotyped, and isolates were dis-
tinguished using 16S rRNA gene and 16S to 23S rRNA gene intergenic spacer region se-
quencing, multilocus sequence typing, and RS� fingerprinting. Treatment with the
antibiotic mixture skewed the population of bradyrhizobia dominating the nodule occu-
pancy, with a significantly larger proportion of Bradyrhizobium liaoningense organisms
even at the lowest dose of 0.1 mg · kg�1 soil. Likewise, all doses of antibiotics altered
the distribution of RS� fingerprint types. Bradyrhizobia were phenotypically evaluated
for their sensitivity to the antibiotics, and there was no association between in situ treat-
ment and a decreased sensitivity to the drugs. Overall, long-term exposure to the
antibiotic mixture altered the composition of bradyrhizobial populations occupy-
ing nitrogen-fixing nodules, apparently through an indirect effect not associated
with the sensitivity to the drugs. Further work evaluating agronomic impacts is
warranted.

IMPORTANCE Antibiotics are entrained in agricultural soil through the applica-
tion of animal or human waste or by irrigation with reused wastewater. Soy-
beans obtain nitrogen through symbiotic nitrogen fixation. Here, we evaluated
the impact of 14 annual exposures to antibiotics commonly used in swine pro-
duction on the distribution of bradyrhizobia occupying nitrogen-fixing nodules
on soybean roots in a long-term field experiment. By means of various sequenc-
ing and genomic fingerprinting techniques, the repeated exposure to a mixture
of tylosin, sulfamethazine, and chlortetracycline each at a nominal soil concen-
tration of 0.1 mg · kg�1 soil was found to modify the diversity and identity of
bradyrhizobia occupying the nodules. Nodule occupancy was not associated with
the level of sensitivity to the antibiotics, indicating that the observed effects
were not due to the direct toxicity of the antibiotics on bradyrhizobia. Alto-
gether, these results indicate the potential for long-term impacts of antibiotics
on this agronomically important symbiosis.
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In commercial North American and European agriculture, antibiotic medicines are
introduced into agricultural soil through normal farming practice (1). Some antibiotics

are used for controlling bacterial diseases of some crops, for example, streptomycin or
tetracycline to control the loss of production from fruit trees due to infection of the
blossoms with Erwinia amylovora (2). Manure from medicated animals either applied as
a fertilizer or excreted directly on the pasture will contain drug residues that are
excreted intact (1–7). Antibiotics that are not degraded during the treatment of
municipal sewage and that sorb to organic matter will partition into the recovered
sludge (8–10). Many jurisdictions permit the beneficial reuse of sewage sludge (biosol-
ids) as a soil fertilizer and amendment, and this practice will entrain antibiotics in soil
(8, 11). Finally, the irrigation of crops with reclaimed effluent from municipal wastewa-
ter treatment plants will likewise introduce antibiotics into the soil (12–15). Overall, soils
that receive agricultural or urban waste streams will be exposed to antibiotics.

The potential impact of antibiotics on environmental bacteria is of significant
concern, both from the perspective of enhancing the environmental reservoir of
antibiotic resistance (the resistome) and through the inhibition of microorganisms that
carry out important ecosystem services (16–22). Symbiotic nitrogen fixation is very
important in commercial crop production, reducing the economic costs and the environ-
mental concerns associated with the use of inorganic nitrogen fertilizers (23). Soybean
(Glycine max [L.] Merr) is globally the most important source of plant-based protein for
animal feed and other applications and represents approximately 50% of the total global
acreage cropped for legumes with an estimated annual production of 315 megatons from
2014 to 2015 (23–25). As with all other legumes, soybeans obtain nitrogen for crop growth
through their association with symbiotic nitrogen-fixing rhizobacteria (26). At least five
Bradyrhizobium species, namely, B. japonicum, B. elkanii, B. liaoningense, B. diazoefficiens, and
B. yuanmingense, are known to nodulate and fix nitrogen in association with soybeans (27).
The competitiveness and nitrogen fixing activity of different Bradyrhizobium species strains
can vary significantly; therefore, the inoculation of soybean seeds with commercial strains
of bradyrhizobia is often undertaken to ensure rates of nitrogen fixation that support high
crop yields (28). The abundance and diversity of soil populations of Rhizobium or Brady-
rhizobium can be impacted by the cropping sequence, the application of chemical fertil-
izers, by chemical pollutants or environmental stresses such as drought (29–32).

Within the context of evaluating the interactions of antibiotics with soil microor-
ganisms, a long-term field experiment was initiated in London, Ontario, Canada, in 1999
to evaluate the impact of selected veterinary antibiotics on soil microorganisms (33, 34).
Field plots receive an annual spring application of a mixture of tylosin, sulfamethazine,
and chlortetracycline, simulating the exposure of soil to drugs typically carried in
manure from commercial swine production. Since 1999, the plots have been cropped
continuously for soybeans that have never been treated with inoculants; thus, bacteria
occupying the nitrogen-fixing nodules will have originated from the endogenous soil
community. In the present study, the identities and diversity of dominant culturable
bradyrhizobia recovered from soybeans sown in 2012 following 14 annual applications
of antibiotics were characterized. The specific objectives of the present study were to
(i) determine if the diversity and dominant culturable types of bradyrhizobia occupying
nitrogen-fixing nodules varied with long-term soil exposure to antibiotics, and if any
effect was dose dependent, (ii) characterize the identities of the recovered bradyrhi-
zobia, and (iii) determine if any treatment effect was associated with a variation in the
susceptibility of the nodule-occupying bradyrhizobia to the applied antibiotics.

RESULTS
Strain isolation and identification of bradyrhizobia from nodules. A total of 382

nodules were processed for bacterial isolation. From these, 301 putative nodulating
isolates were obtained and purified by spreading to individual colonies. All isolates
were kept frozen at �80°C until further analysis. The isolates were tested for their
capacity to nodulate soybeans in a laboratory bioassay. On this basis, a total of 281
isolates potentially nodulating soybeans were further analyzed for their phenotypic and
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genotypic characteristics. Similar numbers of isolates (56, 78, 79, and 68 isolates for
control, low-dose, intermediate-dose, and high-dose soils, respectively) were obtained
from soybean plants recovered from each of the antibiotic-treated and the control soils.

Phenotypic characterization of bradyrhizobia in crushed nodules and isolates
of nodulating bradyrhizobia. Immunological reactions against the five antisera of the
382 nodules showed that the dominant serogroup among those bacteria that reacted
with the antisera was serogroup 135 (antisera targeting B. liaoningense 2281T) (Table 1).
Other serogroups (i.e., 122, 6, 123, and 110) were rarely present and thus were pooled
for the statistical analysis. A large pool of nodules did not react with any antisera and
are designated “no reaction” (Table 1). A chi-square analysis of the data revealed that
the distribution of nodule serotype varied significantly according to treatment (P �

0.003). A Fisher exact test revealed that the number of nodules occupied with sero-
group 135 isolates was significantly higher in soil treated with the high dose (10 mg ·
kg�1) of antibiotics than in the untreated control soil (Fisher exact test, � � 0.05).

Antibiotic susceptibility of isolates. The susceptibility of the 272 isolates to each
of the three antibiotics at 1, 10, and 100 mg · liter�1 was evaluated. There was no
difference in the frequency of susceptibility to any of the antibiotics according to
whether the isolates were obtained from soybeans grown in the absence or presence
of antibiotics in the field experiment (Table 2). At the higher challenge concentration
(100 mg · liter�1), 30 to 60% of the isolates were resistant to sulfamethazine. The
isolates were generally sensitive to 100 mg · liter�1 of either chlortetracycline or tylosin.

The distribution of isolates resistant to the three antibiotics together did not vary
according to which treatment they were obtained from in the field experiment (Table
3). The majority of isolates (89%) belonging to serogroup 123 were resistant to the
mixture of the three antibiotics regardless of which treatment they were obtained from
(highly significant by chi-square analysis, P � 0.0001).

Genotypic diversity of isolates. The 275 isolates were subjected to RS� finger-
printing (Fig. 1). A total number of 21 distinct RS� fingerprints was observed. The

TABLE 1 Distribution of bacterial serogroups observed in crushed nodules from soils
exposed in the field to the indicated antibiotic concentrationsa

Serogroup

% of isolates with soil antibiotic exposure (mg · kg�1 soil)

Control (0) Low dose (0.1) Intermediate dose (1.0) High dose (10.0)

Serogroup 135 21.9 30.6 36.6 48.0
Other serogroups 13.5 21.4 14.9 14.3
No reaction 64.6 48.0 48.5 37.8
aThe distributions of isolates in the three classes (serogroup 135, other serogroups, and no reaction) were
significantly different among isolates obtained from the 4 soils with variable antibiotic exposure (�2 test
observed value, 19.8; critical value, 12.6; 6 degrees of freedom; P � 0.003 with an � of 0.05).

TABLE 2 Percentages of nodule isolates resistant to CTC, SMZ, and TYL from soils having received increasing concentrations of
antibiotics

Soil antibiotic treatment
(mg · kg�1)

No. of
isolates

% of resistant isolates in culture medium containing (mg · liter�1)a:

CTCb (1) CTC (10) CTC (100) SMZc (1) SMZ (10) SMZ (100) TYLd (1) TYL (10) TYL (100)

Control (0) 51 100.0 97.2 10.9 100.0 100.0 60.8 100.0 71.9 A 6.2
Low dose (0.1) 78 98.8 98.8 16.7 84.0 79.0 33.6 96.3 49.1 AB 2.9
Intermediate dose (1) 79 98.8 91.2 15.5 91.7 88.1 33.4 100.0 47.3 AB 3.7
High dose (10) 64 98.6 76.8 1.4 100.0 98.6 36.1 90.3 31.1 B 3.0
Pr � F 0.800 0.236 0.692 0.564 0.598 0.164 0.538 0.062 0.881
Statistical significance at

P value of 0.05
NSe NS NS NS NS NS NS Sf NS

aData from each column were subjected to analysis of variance (ANOVA) followed by a Newman and Keuls test (P � 0.05) using XLSTAT-18.07 software (Addinsoft).
Data followed by the same uppercase letter are not significantly different (P � 0.05).

bCTC, chlortetracycline.
cSMZ, sulfamethazine.
dTYL, tylosin.
eNS, no significant difference.
fS, significant difference.
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distribution of isolates according to their RS� fingerprint among nodules obtained from
the various soil treatments is given in Fig. 2. The distribution of isolate RS� fingerprints
was significantly different between the control soil and the soils receiving antibiotics at
any of the three application rates (chi-square analysis, P value � 0.000). A subset of 21
isolates (one per distinct RS� fingerprint) was further characterized by multilocus
sequence type (MLST) analysis and 16S rRNA gene and intergenic spacer (IGS) sequenc-
ing (Fig. 3). Soybean-nodulating isolates were distributed within 9 sequence types (ST)
and in the four Bradyrhizobium lineages, II, III, IV, and V (based on 16S rRNA gene and
IGS sequencing). The MLST analysis confirmed that serogroup 135 isolates harboring
RS� fingerprints a, b, c, and q are closely related to B. liaoningense; there were only one
or two mismatches compared to the B. liaoningense sequence over the concatenated
sequence of the six housekeeping genes analyzed. The proportion of soybean nodule
isolates belonging to B. liaoningense species (isolates harboring RS� fingerprints a, b, c,
and q) increased significantly after treating soils for 14 years with antibiotics (Fig. 2). On
the other hand, the proportion of isolates harboring RS� fingerprints p, r, and s
decreased in nodules obtained from plants grown in soils that received antibiotics.

TABLE 3 Percentages of root-nodulating isolates resistant to a mixture of the three
antibiotics (sulfamethazine, tylosin, and chlortetracycline) each supplemented into the
culture medium at a concentration of 10 mg · liter�1

Soil antibiotic treatment (mg · kg�1)

% of resistant isolatesa

Mean SE Lower limit (95%) Upper limit (95%)

Control (0) 54.0 9.8 31.3 76.7
Low dose (0.1) 61.0 9.8 38.3 83.7
Intermediate dose (1) 37.3 9.8 14.6 60.0
High dose (10) 50.3 9.8 27.6 73.1
aThe isolates were obtained from plants grown in soils that received the indicated concentrations of
antibiotics in the field. An ANOVA indicated the differences were not significant (P � 0.434).

FIG 1 RS� fingerprints of representative soybean-nodulating isolates. Lanes are labeled with letters specifying
fingerprint identifiers; M indicates the DIG-labeled molecular weight marker II (Roche, France).
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DISCUSSION

Although nodules were collected in Canada and dehydrated and transported to
France for further strain isolation, we were able to successfully isolate 281 strains from
382 nodules. The small size of certain nodules as well as the dehydration-rehydration
procedure of nodules and the occurrence of fast growing contaminants might explain
the fact that some isolates were not recovered. This is frequently the case in such
studies (C. Revellin, personal observation). Serological identification was primarily done
on crushed nodules and was in good agreement with the serological identification of
isolates (data not shown). We were able to further characterize a total of 272 and 275
isolates by phenotypic and genotypic methods, respectively. A few isolates (9 and 6)
were eliminated either because they were not able to grow again in culture or because
we were unable to obtain good quality DNA for their genotypic characterization.

A major finding of this study is that repeated annual drug applications to soil
impacted the structure of the Bradyrhizobium populations recovered from soybean
nodules. Referenced to that of control soil not receiving antibiotics, the composition of
bradyrhizobial populations occupying soybean nodules was significantly different fol-
lowing 14 annual applications of a mixture of veterinary drugs. Of note was the higher
proportion of B. liaoningense detected in nodules of soybeans grown in antibiotic-
treated soils. This was clearly demonstrated on crushed nodules, where the proportion
of serogroup 135 isolates increased significantly in soils having received the highest
dose of antibiotics compared to that in control soil. Serogroup 135 isolates could be
further assigned to B. liaoningense species by a genotypic analysis. Indeed, 16S rRNA
gene and IGS sequencing of four isolates belonging to serogroup 135 revealed a nearly
100% identity (only one mismatch in IGS sequence for RS� type c isolates) with the
corresponding sequences of B. liaoningense strain 2281T. RS� fingerprinting was more
discriminant than serotyping and enabled the characterization of isolates which did not

FIG 2 Distributions of RS� fingerprints of isolates obtained from plants grown in plots receiving the
indicated antibiotic treatments. The numbers of distinct RS� profiles for the control, low-dose,
intermediate-dose, and high-dose treatments were 9, 14, 9, and 10, respectively.
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react to any serum. Isolates from serogroup 135 (B. liaoningense species) harbored four
different RS� fingerprints, namely, a, b, c, and q. The distribution of isolates in RS�

fingerprints was significantly different in soils treated with antibiotics compared to that
in control soil, with an increase in the proportion of strains belonging to RS� types a,

FIG 3 Molecular phylogenetic analysis by maximum likelihood method of the 21 soybean-nodulating isolates based on MLST analysis (concatenated gene
sequences). Roman numbers indicates Bradyrhizobium lineages as described by Tang et al. (27). Sequence types (STs) defined by Rivas et al. (54) are indicated.
Type strains of Bradyrhizobium species are indicated by “T”s. Isolates of this study are identified by red diamonds, their collection numbers (MIAE), and their
RS� types. “8 isolates *” belonging to ST15: MIAE 01937 (f), MIAE 01938 (h), MIAE 01939 (i), MIAE 01940 (j), MIAE 01941 (k), MIAE 01951 (w), MIAE 01952 (x),
MIAE 01953 (y). The evolutionary history was inferred by using the maximum likelihood method based on the general time reversible model. The bootstrap
consensus tree was inferred from 1,000 replicates. Branches corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed.
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b, c, and q and a decrease in strains belonging to RS� types p and s. This result confirms
those based on serotyping. RS� fingerprints tended to be more diverse in soils having
received antibiotics compared to that in control soils. Shannon diversity indexes
computed for control and antibiotic- treated soils were equal to 1.11, 1.53, 1.43, and 1.3
for the control soil and soils having received low, intermediate, and high antibiotic
doses, respectively. A t test revealed that Shannon diversity indexes were significantly
different between the control soil and soil that received the low dose of antibiotics
(P � 0.0045). Even the low dose of antibiotics applied to soil increased the diversity of
soybean-nodulating populations. Higher antibiotic concentrations did not appear to
produce the same significant effect. This might be due to competition issues between
dominant and less abundant nodulating strains in soils that could be impacted by
antibiotics. The reduction in the number of dominant strains might enable nodulation
by less abundant or less competitive strains.

The most facile explanation for the observed effects was that bradyrhizobia that
were less susceptible to the antibiotics had a competitive advantage in antibiotic-
treated soils and would therefore be overrepresented in nodules from plants grown in
the plots treated with antibiotics. The antibiotic susceptibility testing of the isolates
indicated that this was not the case (Tables 2 and 3), no doubt because of the general
intrinsic resistance of bradyrhizobia to antibiotics (35). If anything, B. liaoningense,
prominent in nodules from treated plots, was more susceptible to the antibiotics used
than the other isolates. What other potential effects of the antibiotic treatments could
then explain the observation? One hypothesis is that the antibiotics were acting on the
soybean plants, altering their interaction with bradyrhizobia in the establishment of the
nitrogen-fixing symbiosis. Numerous classes of antibiotics have the potential to inhibit
plants, largely through the bacterial ancestry of chloroplasts and mitochondria. For
example, sulfadiazine inhibits the root elongations of wheat (Triticum aestivum L.),
Chinese cabbage (Brassica campestris L.), and tomato (Cyphomandra betacea), with 50%
inhibitory concentrations (IC50s) ranging from 28 to 93 mg · kg�1 soil (36). In a
hydroponic screening assay, chlortetracycline, sulfamethoxazole, and tylosin signifi-
cantly inhibited the root elongation of carrots (Daucus carota), with 50% effective
concentrations (EC50s) of 1,141, 60, and 542 �g · liter�1, respectively (37). In the present
study, there was no obvious inhibition of seed germination or plant growth on the basis
of the numbers of surviving plants, the delay in emergence, or visually obvious
differences in yield. We have no observations of root biomass or architecture and
therefore cannot comment on whether or not the below-ground portion of the plant
varied morphologically according to the antibiotic treatments. We note that the
half-lives for the antibiotics in soils from these plots were in the range of 1 to 10 days
(34) and that the treatment effect was observed at the lowest dose of 0.1 mg · kg�1 soil.
Thus, the exposure time was short relative to the growing season, and the exposure
concentration was low relative to published toxicological endpoints (36, 37). Neverthe-
less, we cannot discount a phytotoxic effect, particularly given that the treatment
consisted of antibiotic mixtures with unknown mixture interactions. A final hypothesis
would be that some effect of the antibiotic treatment on components of the soil
microbiome other than the bradyrhizobia indirectly resulted in the various nodule
occupancies observed here. In these same soils, the high-dose exposure significantly
modified global soil communities as revealed through metagenomic inventories (33).
Numerous classes of antibiotics can alter the expression of genes involved in nutrient
cycling, communication, and other critically important ecosystem processes at subclin-
ical concentrations (20, 38, 39). Some bacteria, for example cyanobacteria, are sensitive
to antibiotics at concentrations far below clinically relevant MICs (40). Erythromycin at
concentrations of 1 to 4 �g · liter�1 perturbed aquatic biofilm structure and function
(41). Overall, given the critical ecosystem services that microorganisms undertake, gaining
further insight into their interactions with antibiotics entrained in soil through the appli-
cation of animal manures, sewage sludge, or recycled wastewater is a clear research priority
with respect to defining the sustainability of these practices (20, 42, 43).

Given the dominant global value of this crop and the immensely important eco-
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system service that symbiotic nitrogen fixation represents, the practical agronomic
significance of this result merits further investigation. The experimental format which
employed very small field plots and added drugs directly to soil without the application
of animal manure obviously did not represent normal farming practice. It would be of
value to determine if bradyrhizobial species differ significantly in field soils receiving
manures from medicated animals compared to those in soils fertilized with manures
from animals that are produced without antibiotic use. Likewise, the competitive
abilities and nitrogen-fixation efficiencies of nodule occupants grown in the presence
and absence of antibiotic exposure would be important to determine. Finally, it may be
worth confirming the assumption that low residual antibiotic concentrations would not
reduce the nitrogen-fixing success of soybean crops heavily amended with commercial
inoculants as is commonly practiced in Europe and North America.

Overall, the present study indicates that long-term soil exposure with environmen-
tally relevant concentrations of a mixture of the veterinary antibiotics tylosin, chlortet-
racycline, and sulfamethazine alters the composition of bradyrhizobial populations
occupying soybean nodules. From the perspective of an ecotoxicology evaluation of
long-term antibiotic effects, the interaction of legumes with their symbiotic nitrogen-
fixing partners is a highly interesting endpoint. Further work evaluating the potential
impacts of antibiotics carried in animal manures applied according to normal farming
practice on crop yield and nitrogen fixation rates is called for.

MATERIALS AND METHODS
Field operations and nodule sampling. The field experiment was described in detail in Topp et al.

(34). Briefly, a series of replicated 2-m2 plots on the Agriculture and Agri-Food Canada research farm in
London, Ontario, received annual spring applications of a mixture of tylosin, sulfamethazine, and
chlortetracycline, antibiotics commonly used in commercial swine production. From 1999 to 2004, the
nominal drug concentrations at application were 0.01, 0.1, and 1.0 mg · kg�1 soil to a depth of 15 cm.
Starting in 2005, the drug concentrations were increased 10-fold to 0.1, 1.0, and 10 mg · kg�1 soil. Each
mixture concentration was applied to triplicate plots, and in addition, three plots remained untreated as
controls. Each June, the antibiotics were applied by removing 1-kg portions of soil from each plot,
amending these with aqueous solutions of the antibiotics, and uniformly incorporating the amended soil
to a depth of 15 cm with a mechanical rototiller. Plots were continuously cropped for soybeans (Glycine
max var. Harosoy) and received no further management other than the removal of weeds by hand. The
soybean seeds for this experiment were propagated annually on the Agriculture and Agri-Food Canada
(AAFC) research farm and were never treated with a commercial inoculant. All plots were seeded by hand
each June within 48 h of the antibiotic application, a process that took less than 1 h. Nodule samples
were collected during the second week of August 2012, the plots in that year having received 14 annual
applications of antibiotics. Five nodulated plants were collected at random from each plot, and from each
of the plants, 5 to 7 nodules were excised at random. The numbers of nodules per sampled plant were
not visibly different across treatments. Likewise, the above-ground plant biomasses were not visibly
different across treatments, but the plots were too small to obtain any meaningful yield measurements.

Isolation of rhizobia from nodules. Nodules were dried in the presence of anhydrous CaCl2, and
then shipped from Canada to the INRA Agroecology laboratory in Dijon, France. The nodules were
rehydrated in sterile water for 1 h, and then surface sterilized by soaking for 30 s in a freshly prepared
saturated aqueous solution of Ca(ClO)2. The nodules were then rapidly rinsed 5 times with 4 ml of sterile
water and finally rinsed 5 times for 15 min each in 4 ml of sterile water. The surface-sterilized nodules
were deposited in 96-well polystyrene microplates (Nunc, Dutscher, France) (one nodule per well) in 100
�l of saline water (8.5 g NaCl · liter�1). The nodules were then thoroughly crushed with sterile wooden
sticks. The isolation of rhizobia was performed from as described by Vincent (44) on modified Bergersen
medium plates as described below. After isolation, the crushed nodule suspensions were kept frozen at
�20°C as described previously (45), pending immunological characterization.

Bacterial strains and culture conditions. Bradyrhizobium strains, B. liaoningense 2281T, and all
isolates obtained during this study were grown in Bergersen medium (46) modified by removing the
vitamins and supplementing with 0.2 g of yeast extract per liter. The isolation and purification (two or
three times) of nodule isolates were primarily done by spread plating on modified Bergersen agar. Plates
were incubated for 7 to 10 days at 28°C until well-isolated colonies reached 1 to 2 mm in diameter.
Bradyrhizobium organisms were grown in liquid cultures on Cliquet liquid medium (47) supplemented
with 5 g of glucose · liter�1 and incubated for 5 to 7 days at 28°C with orbital shaking (150 rpm). Dense
cell suspensions prepared in modified Bergersen liquid medium containing 12.5% glycerol were pre-
pared for long-term storage at �80°C.

Nodulation test. Surface-sterilized soybean seeds were germinated in sterile perlite kept moist with
deionized water and then grown aseptically in a Jensen tube assembly (44). Four-day-old plants were
inoculated with 1 ml of a diluted suspension (108 CFU · ml�1) of each bacterial isolate to be tested. The
presence of nodules on test plants was recorded after incubation for one and a half months in a
temperature-controlled cabinet set at 20°C for 14 h/day and at 18°C for 10 h/night.
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Serogroup determination. Rabbit polyclonal antisera were raised against B. japonicum strains
MSDJG49, IRATSA1, USDA 110, and USDA 123, which belong to serogroups 122, 6, 110, and 123,
respectively, and against B. liaoningense strain 2281T, which belongs to serogroup 135 (48). These sera
were produced by rabbits immunized with the given strains at IUT Claude Bernard University Lyon,
France. Briefly, heat-inactivated bradyrhizobia were used to immunize rabbits, from which sera were
prepared by coagulation and centrifugation. Raw serum titers were determined and sera were used at
dilutions of 1/10,000 (sera 110 and 123) or 1/100,000 (sera 6, 122, and 135). Sera were used for nodule
strain typing according to the method of Revellin et al. (45). Briefly, a 5-�l aliquot of each crushed nodule
suspension was transferred to a new microplate and diluted with 200 �l of Tris-buffered saline (pH 7.5;
2 mM Tris and 500 mM NaCl). After mixing, 34 �l of the resulting suspension was applied to nylon
membranes for immunoblotting (45).

Antibiotic susceptibility testing. Isolates were grown on Cliquet liquid medium as described above.
After measurements of optical density at 600 nm (OD600), the aliquots of the cultures were transferred
to microtiter plates (Nunc) and diluted in sterile water to a cell density of approximately 106 cells · ml�1.
Five-microliter droplets of each cell suspension were then deposited (using a 48-tip multiple inoculator
[Sigma-Aldrich, France]) on different plates of modified Bergersen agar medium supplemented or not
with the various antibiotics as described below. All isolates were tested on Bergersen agar supplemented
individually with each antibiotic (tylosin, chlortetracycline, and sulfamethazine) at three concentrations
(1, 10, and 100 mg · liter�1). A control plate (Bergersen without antibiotic) was also inoculated with each
isolate. In a second experiment, all isolates were tested on Bergersen agar medium supplemented with
a mixture of the three antibiotics, each one provided at concentrations of 0.1, 1, and 10 mg · liter�1

corresponding to the nominal concentrations in the field experiment. All plates were incubated for 4 to
5 days at 28°C, and the plates were then photographed using a Scan 300 instrument (Interscience, Paris,
France). Image analysis was performed using the Bio 1D�� software for OD analysis (Vilber Lourmat,
France). The growth of the isolates in the presence of antibiotics was estimated by a comparison with the
growth observed on antibiotic-free control plates. The isolates showing growth on medium supple-
mented with the highest concentration of antibiotic, corresponding to 75 to 100% of the growth
observed on control plates, were considered to be resistant to the antibiotic (at 100 mg · liter�1) or to
the mixture of antibiotics (with each antibiotic at 10 mg · liter�1).

RS� fingerprinting. RS� is a reiterated sequence, which has the structure of an insertion sequence
(transposase motif and inverted repeats), and is present in most Bradyrhizobium spp. that nodulate
soybeans (49). However, its transposition has never been demonstrated, and RS� fingerprinting will
successfully genotype Bradyrhizobium isolates with a high discrimination power (50, 51). Genomic DNA
from soybean-nodulating isolates was prepared as described by Hahn and Hennecke (52) and digested
with the restriction endonuclease XhoI (Roche, Sigma-Aldrich, France). Restriction fragments were
separated on a 0.9% agarose (Sigma type II medium EEQ) gel in Tris-acetate-EDTA (TAE) buffer. The
digoxigenin (DIG)-labeled DNA molecular weight marker II (Roche, Sigma-Aldrich, France) was also
loaded on each gel. DNA fragments were then transferred to a nylon membrane (Nytran NY13;
Sigma-Aldrich) using a VacuGene apparatus (Sigma-Aldrich). The membranes were then washed in 5�
sodium saline citrate (SSC) and air dried. DNA was cross-linked to the membrane by UV irradiation for 3
min. The plasmid pRJ4060 (51), containing a 2.4-kb insert of B. japonicum strain USDA 110, was labeled
by PCR amplification using a deoxynucleoside triphosphate (dNTP) mix containing alkali-labile
digoxigenin-11-dUTP (Roche, Sigma-Aldrich, France). Hybridization was carried out under highly strin-
gent conditions; posthybridization stringency washes were performed twice in 2� SSC and a 0.1% SDS
solution for 5 min at room temperature and twice in 0.1� SSC and a 0.1% SDS solution for 15 min at 68°C.
The detection of the hybridized probe was realized using a DIG luminescence detection kit (Sigma-
Aldrich) and CDP-Star as the chemiluminescent substrate according to the Roche application manual.
Lumi-film chemiluminescent detection film (Sigma-Aldrich) was used to detect and record the chemi-
luminescent signal. The films were then scanned to obtain pictures in order to analyze and group
profiles.

16S rRNA gene and IGS sequencing and MLST analysis. A representative set of isolates consisting
of type strains of the various Bradyrhizobium spp., as well as one isolate chosen from each RS� profile
(n � 34), was characterized by amplifying the 16S rRNA gene coding region and the 16S rRNA to 23S
rRNA gene intergenic spacer (IGS) using universal primer pairs 27F (5=-AGA GTT TGA TC[A/C] TGG CTC
AG-3=)/1492R (5=-TAC GG[A/T/C] TAC CTT GTT ACG ACT T-3=) and 72F (5=-TGC GGC TGG ATC ACC TCC
TT-3=)/38R (5=-CCG GGT TTC CCC ATT CGG-3=), respectively. The PCR products were checked for size and
purity by agarose gel electrophoresis and subjected to Sanger sequencing (Beckman Coulter Genomics,
France). The alignments were conducted using blastn software (NCBI). The 21 representative nodule
isolates were subjected to MLST analysis as described by Yu et al. (53) and others (27, 54). Briefly, six
housekeeping genes (atpD, glnII, recA, gyrB, rpoB, and dnaK) were amplified and sequenced, and the
corresponding concatenated gene sequence (3,210 bp) thus produced was aligned with known se-
quences to define sequence types (ST) using ClustalW; distances and tree were computed using MEGA7.
The sequence types were numbered as previously described (53, 54).

Accession number(s). The sequences obtained from MLST analysis were deposited in GenBank
under the following accession numbers: atpD, accession numbers MF977518 to MF977540; dnaK,
accession numbers MG014242 to MG014264; gyrB, accession numbers MG014265 to MG014287; glnII,
accession numbers MG014288 to MG014310; recA, accession numbers MG014311 to MG014333; and
rpoB, accession numbers MG014334 to MG014356.

Antibiotic Impacts on Soybean Nodule Bradyrhizobia Applied and Environmental Microbiology

May 2018 Volume 84 Issue 9 e00109-18 aem.asm.org 9

 on January 26, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

https://www.ncbi.nlm.nih.gov/nuccore/MF977518
https://www.ncbi.nlm.nih.gov/nuccore/MF977540
https://www.ncbi.nlm.nih.gov/nuccore/MG014242
https://www.ncbi.nlm.nih.gov/nuccore/MG014264
https://www.ncbi.nlm.nih.gov/nuccore/MG014265
https://www.ncbi.nlm.nih.gov/nuccore/MG014287
https://www.ncbi.nlm.nih.gov/nuccore/MG014288
https://www.ncbi.nlm.nih.gov/nuccore/MG014310
https://www.ncbi.nlm.nih.gov/nuccore/MG014311
https://www.ncbi.nlm.nih.gov/nuccore/MG014333
https://www.ncbi.nlm.nih.gov/nuccore/MG014334
https://www.ncbi.nlm.nih.gov/nuccore/MG014356
http://aem.asm.org
http://aem.asm.org/


ACKNOWLEDGMENTS
We thank A. Scott for preparing the nodules and R. Murray, A. Asztalos, and the

London Research and Development Centre farm staff for diligently maintaining the
field plots.

REFERENCES
1. Kullik SA, Belknap AM. 2017. Flexing the PECs: predicting environmental

concentrations of veterinary drugs in Canadian agricultural soils. Integr
Environ Assess Manag 13:331–341. https://doi.org/10.1002/ieam.1833.

2. Duffy B, Holliger E, Walsh F. 2014. Streptomycin use in apple orchards
did not increase abundance of mobile resistance genes. FEMS Microbiol
Lett 350:180 –189. https://doi.org/10.1111/1574-6968.12313.

3. Metcalfe CD, Alder AC, Halling-Sørensen B, Krogh K, Fenner K, Larsbo M,
Straub JO, Ternes TA, Topp E, Lapen DR, Boxall ABA. 2008. Exposure
assessment methods for veterinary and human-use medicines in the
environment: PEC vs. MEC comparisons, p 147–171. In Kümmerer K (ed),
Pharmaceuticals in the environment: sources, fate, effects and risks.
Springer International Publishing AG, Basel, Switzerland.

4. Sarmah AK, Meyer MT, Boxall ABA. 2006. A global perspective on the use,
sales, exposure pathways, occurrence, fate and effects of veterinary
antibiotics (VAs) in the environment. Chemosphere 65:725–759. https://
doi.org/10.1016/j.chemosphere.2006.03.026.

5. Pope L, Boxall ABA, Corsing C, Halling-Sorensen B, Tait A, Topp E. 2009.
Exposure assessment of veterinary medicines in terrestrial systems, p
129 –154. In Crane M, Boxall ABA, Barrett K (ed), Veterinary medicines in
the environment. SETAC, Pensacola, FL.

6. Jechalke S, Heuer H, Siemens J, Amelung W, Smalla K. 2014. Fate and
effects of veterinary antibiotics in soil. Trends Microbiol 22:536 –545.
https://doi.org/10.1016/j.tim.2014.05.005.

7. Liu J, Zhao Z, Orfe L, Subbiah M, Call DR. 2016. Soil-borne reservoirs of
antibiotic-resistant bacteria are established following therapeutic treat-
ment of dairy calves. Environ Microbiol 18:557–564. https://doi.org/10
.1111/1462-2920.13097.

8. Sabourin L, Duenk P, Bonte-Gelok S, Payne M, Lapen DR, Topp E. 2012.
Uptake of pharmaceuticals, hormones and parabens into vegetables
grown in soil fertilized with municipal biosolids. Sci Total Environ 431:
233–236. https://doi.org/10.1016/j.scitotenv.2012.05.017.

9. McClellan K, Halden RU. 2010. Pharmaceuticals and personal care prod-
ucts in archived U.S. biosolids from the 2001 EPA national sewage sludge
survey. Water Res 44:658 – 668. https://doi.org/10.1016/j.watres.2009.12
.032.

10. U.S. Environmental Protection Agency. 2009. Targeted national sewage
sludge survey sampling and analysis technical report (EPA-822-R-08-016).
U.S. Environmental Protection Agency Office of Water, Washington, DC.

11. Thomaidi VS, Stasinakis AS, Borova VL, Thomaidis NS. 2016. Assessing
the risk associated with the presence of emerging organic contaminants
in sludge-amended soil: a country-level analysis. Sci Total Environ
548 –549:280 –288. https://doi.org/10.1016/j.scitotenv.2016.01.043.

12. Christou A, Karaolia P, Hapeshi E, Michael C, Fatta-Kassinos D. 2017.
Long-term wastewater irrigation of vegetables in real agricultural
systems: concentration of pharmaceuticals in soil, uptake and bioaccu-
mulation in tomato fruits and human health risk assessment. Water Res
109:24 –34. https://doi.org/10.1016/j.watres.2016.11.033.

13. Dalkmann P, Broszat M, Siebe C, Willaschek E, Sakinc T, Huebner J,
Amelung W, Grohmann E, Siemens J. 2012. Accumulation of pharma-
ceuticals, Enterococcus, and resistance genes in soils irrigated with
wastewater for zero to 100 years in central Mexico. PLoS One 7:e45397.
https://doi.org/10.1371/journal.pone.0045397.

14. Michael I, Rizzo L, McArdell CS, Manaia CM, Merlin C, Schwartz T, Dagot
C, Fatta-Kassinos D. 2013. Urban wastewater treatment plants as hot-
spots for the release of antibiotics in the environment: a review. Water
Res 47:957–995. https://doi.org/10.1016/j.watres.2012.11.027.

15. Fatta-Kassinos D, Kalavrouziotis IK, Koukoulakis PH, Vasquez MI. 2011.
The risks associated with wastewater reuse and xenobiotics in the
agroecological environment. Sci Total Environ 409:3555–3563. https://
doi.org/10.1016/j.scitotenv.2010.03.036.

16. Griffiths BS, Philippot L. 2013. Insights into the resistance and resilience
of the soil microbial community. FEMS Microbiol Rev 37:112–129.
https://doi.org/10.1111/j.1574-6976.2012.00343.x.

17. Durso LM, Cook KL. 2014. Impacts of antibiotic use in agriculture: what

are the benefits and risks? Curr Opin Microbiol 19:37– 44. https://doi.org/
10.1016/j.mib.2014.05.019.

18. Boxall ABA. 2004. The environmental side effects of medication. EMBO
Rep 5:1110 –1116. https://doi.org/10.1038/sj.embor.7400307.

19. Kumar K, Gupta SC, Chander Y, Singh AK. 2005. Antibiotic use in agri-
culture and its impact on the terrestrial environment. Adv Agron 87:
1–54. https://doi.org/10.1016/S0065-2113(05)87001-4.

20. Brandt KK, Amézquita A, Backhaus T, Boxall A, Coors A, Heberer T,
Lawrence JR, Lazorchak J, Schönfeld J, Snape JR, Zhu Y-G, Topp E. 2015.
Ecotoxicological assessment of antibiotics: a call for improved consider-
ation of microorganisms. Environ Int 85:189 –205. https://doi.org/10
.1016/j.envint.2015.09.013.

21. Finley RL, Collignon P, Larsson DGJ, McEwen SA, Li X-Z, Gaze WH,
Reid-Smith R, Timinouni M, Graham DW, Topp E. 2013. The scourge of
antibiotic resistance: the important role of the environment. Clin Infect
Dis 57:704 –710. https://doi.org/10.1093/cid/cit355.

22. Gaze WH, Krone SM, Larsson DGJ, Li X-Z, Robinson J, Simonet P, Smalla
K, Timinouni M, Topp E, Wellington EM, Wright GD, Yong-Guan Zhu.
2013. Influence of humans on the evolution and mobilization of envi-
ronmental antibiotic resistome. Emerg Infect Dis 19:7. https://doi.org/10
.3201/eid1907.120871.

23. Herridge DF, Peoples MB, Boddey RM. 2008. Global inputs of biological
nitrogen fixation in agricultural systems. Plant Soil 311:1–18. https://doi
.org/10.1007/s11104-008-9668-3.

24. Nishinari K, Fang Y, Guo S, Phillips GO. 2014. Soy proteins: a review on
composition, aggregation and emulsification. Food Hydrocoll 39:
301–318. https://doi.org/10.1016/j.foodhyd.2014.01.013.

25. USDA. 2018. World agricultural supply and demand estimates. USDA, Wash-
ington, DC. https://www.usda.gov/oce/commodity/wasde/latest.pdf

26. Remigi P, Zhu J, Young JPW, Masson-Boivin C. 2016. Symbiosis within
symbiosis: evolving nitrogen-fixing legume symbionts. Trends Microbiol
24:63–75. https://doi.org/10.1016/j.tim.2015.10.007.

27. Tang J, Bromfield ESP, Rodrigue N, Cloutier S, Tambong JT. 2012. Micro-
evolution of symbiotic Bradyrhizobium populations associated with soy-
beans in east North America. Ecol Evol 2:2943–2961. https://doi.org/10
.1002/ece3.404.

28. Thilakarathna MS, Raizada MN. 2017. A meta-analysis of the effec-
tiveness of diverse rhizobia inoculants on soybean traits under field
conditions. Soil Biol Biochem 105:177–196. https://doi.org/10.1016/j
.soilbio.2016.11.022.

29. Hirsch PR, Jones MJ, McGrath SP, Giller KE. 1993. Heavy metals from past
applications of sewage sludge decrease the genetic diversity of Rhizo-
bium leguminosarum biovar trifolii populations. Soil Biol Biochem 25:
1485–1490. https://doi.org/10.1016/0038-0717(93)90003-T.

30. Depret G, Houot S, Allard MR, Breuil MC, Nouaim R, Laguerre G. 2004.
Long-term effects of crop management on Rhizobium leguminosarum
biovar viciae populations. FEMS Microbiol Ecol 51:87–97. https://doi.org/
10.1016/j.femsec.2004.07.009.

31. Zhalnina K, de Quadros PD, Gano KA, Davis-Richardson A, Fagen JR,
Brown CT, Giongo A, Drew JC, Sayavedra-Soto LA, Arp DJ, Camargo FA,
Daroub SH, Clark IM, McGrath SP, Hirsch PR, Triplett EW. 2013. Ca.
Nitrososphaera and Bradyrhizobium are inversely correlated and related
to agricultural practices in long-term field experiments. Front Microbiol
4:104. https://doi.org/10.3389/fmicb.2013.00104.

32. Yan J, Han XZ, Ji ZJ, Li Y, Wang ET, Xie ZH, Chen WF. 2014. Abundance
and diversity of soybean-nodulating rhizobia in black soil are impacted
by land use and crop management. Appl Environ Microbiol 80:
5394 –5402. https://doi.org/10.1128/AEM.01135-14.

33. Cleary DW, Bishop AH, Zhang L, Topp E, Wellington EMH, Gaze WH.
2016. Long-term antibiotic exposure in soil is associated with changes in
microbial community structure and prevalence of class 1 integrons.
FEMS Microbiol Ecol 92:fiw159. https://doi.org/10.1093/femsec/fiw159.

34. Topp E, Chapman R, Devers-Lamrani M, Hartmann A, Marti R, Martin-
Laurent F, Sabourin L, Scott A, Sumarah M. 2013. Accelerated biodeg-

Revellin et al. Applied and Environmental Microbiology

May 2018 Volume 84 Issue 9 e00109-18 aem.asm.org 10

 on January 26, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.1002/ieam.1833
https://doi.org/10.1111/1574-6968.12313
https://doi.org/10.1016/j.chemosphere.2006.03.026
https://doi.org/10.1016/j.chemosphere.2006.03.026
https://doi.org/10.1016/j.tim.2014.05.005
https://doi.org/10.1111/1462-2920.13097
https://doi.org/10.1111/1462-2920.13097
https://doi.org/10.1016/j.scitotenv.2012.05.017
https://doi.org/10.1016/j.watres.2009.12.032
https://doi.org/10.1016/j.watres.2009.12.032
https://doi.org/10.1016/j.scitotenv.2016.01.043
https://doi.org/10.1016/j.watres.2016.11.033
https://doi.org/10.1371/journal.pone.0045397
https://doi.org/10.1016/j.watres.2012.11.027
https://doi.org/10.1016/j.scitotenv.2010.03.036
https://doi.org/10.1016/j.scitotenv.2010.03.036
https://doi.org/10.1111/j.1574-6976.2012.00343.x
https://doi.org/10.1016/j.mib.2014.05.019
https://doi.org/10.1016/j.mib.2014.05.019
https://doi.org/10.1038/sj.embor.7400307
https://doi.org/10.1016/S0065-2113(05)87001-4
https://doi.org/10.1016/j.envint.2015.09.013
https://doi.org/10.1016/j.envint.2015.09.013
https://doi.org/10.1093/cid/cit355
https://doi.org/10.3201/eid1907.120871
https://doi.org/10.3201/eid1907.120871
https://doi.org/10.1007/s11104-008-9668-3
https://doi.org/10.1007/s11104-008-9668-3
https://doi.org/10.1016/j.foodhyd.2014.01.013
https://www.usda.gov/oce/commodity/wasde/latest.pdf
https://doi.org/10.1016/j.tim.2015.10.007
https://doi.org/10.1002/ece3.404
https://doi.org/10.1002/ece3.404
https://doi.org/10.1016/j.soilbio.2016.11.022
https://doi.org/10.1016/j.soilbio.2016.11.022
https://doi.org/10.1016/0038-0717(93)90003-T
https://doi.org/10.1016/j.femsec.2004.07.009
https://doi.org/10.1016/j.femsec.2004.07.009
https://doi.org/10.3389/fmicb.2013.00104
https://doi.org/10.1128/AEM.01135-14
https://doi.org/10.1093/femsec/fiw159
http://aem.asm.org
http://aem.asm.org/


radation of veterinary antibiotics in agricultural soil following long-term
exposure, and isolation of a sulfamethazine-degrading Microbacterium
sp. J Environ Qual 42:173–178. https://doi.org/10.2134/jeq2012.0162.

35. Naamala J, Jaiswal SK, Dakora FD. 2016. Antibiotic resistance in
Rhizobium: type, process, mechanism and benefit for agriculture. Curr
Microbiol 72:804 – 816. https://doi.org/10.1007/s00284-016-1005-0.

36. Jin C, Chen Q, Sun R, Zhou Q, Liu J. 2009. Eco-toxic effects of sulfadiazine
sodium, sulfamonomethoxine sodium and enrofloxacin on wheat, Chi-
nese cabbage and tomato. Ecotoxicology 18:878 – 885. https://doi.org/
10.1007/s10646-009-0349-7.

37. Hillis DG, Fletcher J, Solomon KR, Sibley PK. 2011. Effects of ten
antibiotics on seed germination and root elongation in three plant
species. Arch Environ Contam Toxicol 60:220 –232. https://doi.org/10
.1007/s00244-010-9624-0.

38. Davies J, Davies D. 2010. Origins and evolution of antibiotic resis-
tance. Microbiol Mol Biol Rev 74:417– 433. https://doi.org/10.1128/
MMBR.00016-10.

39. Yergeau E, Sanschagrin S, Waiser MJ, Lawrence JR, Greer CW. 2012.
Sub-inhibitory concentrations of different pharmaceutical products af-
fect the meta-transcriptome of river biofilm communities cultivated in
rotating annular reactors. Environ Microbiol Rep 4:350 –359. https://doi
.org/10.1111/j.1758-2229.2012.00341.x.

40. Le Page G, Gunnarsson L, Snape J, Tyler CR. 2017. Integrating human and
environmental health in antibiotic risk assessment: a critical analysis of
protection goals, species sensitivity and antimicrobial resistance. Environ
Int 109:155–169. https://doi.org/10.1016/j.envint.2017.09.013.

41. Waiser MJ, Swerhone GDW, Roy J, Tumber V, Lawrence JR. 2016. Effects
of erythromycin, trimethoprim and clindamycin on attached microbial
communities from an effluent dominated prairie stream. Ecotoxicol
Environ Saf 132:31–39. https://doi.org/10.1016/j.ecoenv.2016.05.026.

42. Christou A, Agüera A, Bayona JM, Cytryn E, Fotopoulos V, Lambropoulou
D, Manaia CM, Michael C, Revitt M, Schröder P, Fatta-Kassinos D. 2017.
The potential implications of reclaimed wastewater reuse for irrigation
on the agricultural environment: the knowns and unknowns of the fate
of antibiotics and antibiotic resistant bacteria and resistance genes—a
review. Water Res 123:448 – 467. https://doi.org/10.1016/j.watres.2017
.07.004.

43. Grenni P, Ancona V, Barra Caracciolo A. 2018. Ecological effects of
antibiotics on natural ecosystems: a review. Microchem J 136:25–39.
https://doi.org/10.1016/j.microc.2017.02.006.

44. Vincent JM. 1970. A manual for the practical study of root nodule
bacteria. International Biological Programme handbook no. 15. Blackwell
Scientific Publications, Berkshire, UK.

45. Revellin C, Denis J-B, Catroux G. 1998. Sampling to determine nodule
occupancy of soybean (Glycine max [L] Merr.) by Bradyrhizobium japoni-
cum strains. Can J Microbiol 44:795–799. https://doi.org/10.1139/w98
-062.

46. Bergersen FJ. 1961. The growth of Rhizobium in synthetic media. Aust J
Biol Sci 14:349 –360.

47. Cliquet S, Durier C, Catroux G. 1992. Use of central composite experi-
mental design for the development of Bradyrhizobium japonicum liquid
inoculants. Biotechnol Tech 6:477– 482. https://doi.org/10.1007/
BF02447817.

48. van Berkum P, Fuhrmann JJ. 2000. Evolutionary relationships among the
soybean bradyrhizobia reconstructed from 16S rRNA gene and internally
transcribed spacer region sequence divergence. Int J Syst Evol Microbiol
50:2165–2172. https://doi.org/10.1099/00207713-50-6-2165.

49. Kaluza K, Hahn M, Hennecke H. 1985. Repeated sequences similar to
insertion elements clustered around the nif region of the Rhizobium
japonicum genome. J Bacteriol 162:535–542.

50. Hartmann A, Gomez M, Giraud JJ, Revellin C. 1996. Repeated sequence
RS� is diagnostic for Bradyrhizobium japonicum and Bradyrhizobium
elkanii. Biol Fertil Soils 23:15–19. https://doi.org/10.1007/BF00335812.

51. Sameshima R, Isawa T, Sadowsky MJ, Hamada T, Kasai H, Shutsrirung A,
Mitsui H, Minamisawa K. 2003. Phylogeny and distribution of extra-slow-
growing Bradyrhizobium japonicum harboring high copy numbers of
RS�, RS� and IS1631. FEMS Microbiol Ecol 44:191–202. https://doi.org/
10.1016/S0168-6496(03)00009-6.

52. Hahn M, Hennecke H. 1984. Localized mutagenesis in Rhizobium japoni-
cum. Mol Genet Genomics 193:46 –52. https://doi.org/10.1007/
BF00327412.

53. Yu XM, Cloutier S, Tambong JT, Bromfield ESP. 2014. Bradyrhizobium
ottawaense sp. nov., a symbiotic nitrogen fixing bacterium from root
nodules of soybeans in Canada. Int J Syst Evol Microbiol 64:3202–3207.
https://doi.org/10.1099/ijs.0.065540-0.

54. Rivas R, Martens M, de Lajudie P, Willems A. 2009. Multilocus sequence
analysis of the genus Bradyrhizobium. Syst Appl Microbiol 32:101–110.
https://doi.org/10.1016/j.syapm.2008.12.005.

Antibiotic Impacts on Soybean Nodule Bradyrhizobia Applied and Environmental Microbiology

May 2018 Volume 84 Issue 9 e00109-18 aem.asm.org 11

 on January 26, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

https://doi.org/10.2134/jeq2012.0162
https://doi.org/10.1007/s00284-016-1005-0
https://doi.org/10.1007/s10646-009-0349-7
https://doi.org/10.1007/s10646-009-0349-7
https://doi.org/10.1007/s00244-010-9624-0
https://doi.org/10.1007/s00244-010-9624-0
https://doi.org/10.1128/MMBR.00016-10
https://doi.org/10.1128/MMBR.00016-10
https://doi.org/10.1111/j.1758-2229.2012.00341.x
https://doi.org/10.1111/j.1758-2229.2012.00341.x
https://doi.org/10.1016/j.envint.2017.09.013
https://doi.org/10.1016/j.ecoenv.2016.05.026
https://doi.org/10.1016/j.watres.2017.07.004
https://doi.org/10.1016/j.watres.2017.07.004
https://doi.org/10.1016/j.microc.2017.02.006
https://doi.org/10.1139/w98-062
https://doi.org/10.1139/w98-062
https://doi.org/10.1007/BF02447817
https://doi.org/10.1007/BF02447817
https://doi.org/10.1099/00207713-50-6-2165
https://doi.org/10.1007/BF00335812
https://doi.org/10.1016/S0168-6496(03)00009-6
https://doi.org/10.1016/S0168-6496(03)00009-6
https://doi.org/10.1007/BF00327412
https://doi.org/10.1007/BF00327412
https://doi.org/10.1099/ijs.0.065540-0
https://doi.org/10.1016/j.syapm.2008.12.005
http://aem.asm.org
http://aem.asm.org/

	RESULTS
	Strain isolation and identification of bradyrhizobia from nodules. 
	Phenotypic characterization of bradyrhizobia in crushed nodules and isolates of nodulating bradyrhizobia. 
	Antibiotic susceptibility of isolates. 
	Genotypic diversity of isolates. 

	DISCUSSION
	MATERIALS AND METHODS
	Field operations and nodule sampling. 
	Isolation of rhizobia from nodules. 
	Bacterial strains and culture conditions. 
	Nodulation test. 
	Serogroup determination. 
	Antibiotic susceptibility testing. 
	RS fingerprinting. 
	16S rRNA gene and IGS sequencing and MLST analysis. 
	Accession number(s). 

	ACKNOWLEDGMENTS
	REFERENCES

