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Abstract
Improving symbiotic nitrogen fixation would reduce reliance on synthetic fertilizers, but establishment of effective bacterial
strains is hampered due to competition by indigenous, less effective rhizobia. This study investigated the origins, diversity, and
competitiveness of Sinorhizobium meliloti (syn. Ensifer meliloti) strains isolated from root nodules of alfalfa (lucerne;Medicago
sativa L.) grown in soils that had not been in alfalfa cultivation for over 30 years. Sets of PCR primers were developed to identify
Sinorhizobium spp. and to identify strains with virD4, the defining gene for a type IV secretion system (T4SS), which has been
implicated in increasing strain competitiveness for nodule colonization of M. truncatula, an annual species closely related to
alfalfa. A collection of S. meliloti isolates was made from nodules of field-grown plants and from seeds used for establishing field
plots that had been inoculated with rhizobia by the manufacturer prior to packaging. Diversity among strains was examined by
repetitive element palindromic PCR (rep-PCR) DNA fingerprinting using the BOXA1R primer. Strains originating from the seed
inoculant could not be detected in nodules, even in the first year of alfalfa establishment, which were occupied exclusively by
indigenous rhizobia originating from soil. Field strains were very diverse within and among field sites, and genetically distinct
from inoculant strains. Approximately 33% of field strains were positive for virD4, a component of the T4SSb gene cluster, which
putatively mobilizes effector proteins across the bacterial cell envelop into the host cell. Strains with virD4, the presence of which
suggests that they have a functional T4SS, had more rapid nodulation kinetics than did those lacking virD4. These results provide
additional support for the role of the S. meliloti T4SS in competitiveness for nodule occupancy.
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1 Introduction

Perennial forage legumes are an important source of nitrogen
(N) in cropping systems worldwide. Prior cultivation of alfalfa
(lucerne; Medicago sativa L.) can offset the need for N-
amendments in rotational cash crops, including first-year corn
(Zea mays L.) and, in some cases, second-year corn in the
Upper Midwestern U.S. (Yost et al. 2012, 2014). The majority
of the N returned to the soil is the product of biological
dinitrogen (N2) fixation, which occurs due to the symbiotic
association between the alfalfa plant host and the
microsymbiont, Sinorhizobium meliloti (syn. Ensifer meliloti).
However, alfalfa plants are flexible in N acquisition and pref-
erentially take-up soil N instead of utilizing symbiotic N2 fixa-
tion if soil N is sufficient for metabolic requirements (Dayoub
et al. 2017; Heichel et al. 1981; Lamb et al. 1995). Over the life
of the alfalfa stand, reliance on fixed N increases, likely due to
biomass production and progressive depletion of available soil
N. By the fourth year of forage production, plants were reported
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to obtain about 80% of required N from fixation (Burity et al.
1989; Heichel et al. 1984; Heichel and Henjum 1991). In N
poor soils, plants rely on fixation, and microsymbiont strains
introduced at planting as a soil drench, granular inoculant, or as
a treatment on seeds may improve plant productivity under low
soil fertility conditions (Thies et al. 1991a).

Overall improvements in N2 fixation capacity in alfalfa and
other forage legumes would be beneficial for enhancing plant
dry matter production, soil N fertility, and subsequent cash crop
production. Significant increases in alfalfa forage dry matter
have been obtained by modifying the copy number of nifA and
dctABD, genes important in symbiotic N2 fixation in S. meliloti
(Bosworth et al. 1994). However, such improved bacteria intro-
duced into the environment via commercial seed treatments, or
by granular or liquid inoculants, must compete with the indige-
nous populations of rhizobia for plant infection and subsequent
nodule occupancy (Triplett and Sadowsky 1992). Often, such
rhizobial strains must be applied repeatedly and/or in high inoc-
ulum concentrations for establishment in soil and nodules
(Amarger and Lobreau 1982; Dunigan et al. 1984). While there
are reports of high nodule occupancy of inoculated rhizobia
strains in sites with low indigenous populations (Bosworth
et al. 1994), as few as 100 cells per gram of soil can prevent
establishment of introduced strains (Thies et al. 1991b).

Competitiveness for nodule formation is a complex trait
involving both the plant host and microbial symbiont
(Vlassak and Vanderleyden 1997), and is dependent on mul-
tiple environmental factors (Streeter 1994). However, compet-
itiveness has been strongly correlated with speed of nodula-
tion in many host-rhizobial interactions as a means of identi-
fying more competitive strains (Lupwayi et al. 1996; de
Oliveira and Graham 1990; Stephens and Cooper 1988;
Sugawara and Sadowsky 2014). A greater understanding of
the molecular determinants of competitiveness would provide
insight into how nodule occupancy changes temporally with
respect to alfalfa N acquisition and could possibly aid in
selecting or developing more effective rhizobial inoculants.

Recent publication of genome sequences from multiple
strains of S. meliloti, and the closely related species
S. medicae, have enabled comparative genomic studies to iden-
tify the core and accessory genomes, as well as to investigate
genetic diversity among strains. Alfalfa and M. truncatula can
be nodulated by S. meliloti and S. medicae. A study of 48
complete genome sequences by Sugawara et al. (2013) re-
vealed that S. meliloti and S. medicae strains vary in the pres-
ence of gene clusters for the type III secretion system (T3SS)
and type IV secretion system (T4SS), which are of interest in
host-symbiont and host-pathogen interactions (Büttner and
Bonas 2006; Christie et al. 2014). Proteins secreted by the
T3SS have been demonstrated to have key roles in symbioses
between plants and microsymbionts including Rhizobium etli,
Bradyrhizobium elkanii , B. fredii , B. japonicum,
Mesorhizobium loti, and S. fredii (reviewed by Nelson and

Sadowsky 2015). In the study by Sugawara et al. (2013), none
of the S. medicae strains and only a few strains of S. meliloti had
a T3SS, and none of the T3SS gene clusters included nop
genes, encoding T3SS-dependent surface appendage or effector
proteins. In contrast, seven types of T4SS gene clusters were
found in S. meliloti. While the T4SSa gene cluster was found in
all strains, the T4SSb gene cluster occurred in only a limited
number of strains. The T4SSa and T4SSb gene clusters contain
virB1-virB11, that encode proteins putatively involved in
forming the secretion apparatus. The T4SSb gene cluster also
has virG, virF, and a gene with similarity to virD4 from
Agrobacterium and M. loti. Presence of virD4 defines the
T4SSb gene cluster in S. meliloti and is indicative of the pres-
ence of the complete T4SSb gene cluster (Sugawara et al.
2013). VirD4, a coupling protein, mobilizes effector proteins
and DNA-protein complexes across the bacterial cell envelop
into the host cell (Cascales and Christie 2004; Redzej et al.
2017). The M. loti T4SS has been shown to be important in
symbiosis, transporting effector proteins from the bacterium to
host plant that are involved in symbiosis (Hubber et al. 2004).
Mutations in the vir gene cluster (virD4, virB1–11, virG, or ef-
fector genes) result in delayed nodulation kinetics and reduced
competitiveness. In S. meliloti and S. medicae, deletion of
virB6–9 in the T4SSb gene cluster significantly reduced nodule
number and nodule dry mass inM. truncatula (Sugawara et al.
2013). Furthermore, deletion of virB6–9 reduced competiveness
for nodulation in M. truncatula, and the T4SSb gene cluster
was shown to transport the effector protein TfeA from bacterial
cells into host plant cells (Nelson et al. 2017). These results led
us to investigate the role of the T4SSb in S. meliloti-alfalfa
interactions. Although the T4SS has been identified in well-
characterized Sinorhizobium strains, the frequency of the
T4SSb gene cluster in field populations is unknown. In this
study, we report the frequency of virD4, indicative of the
T4SSb gene cluster, in S. meliloti strains isolated from alfalfa
root nodules under field conditions, and provide additional ev-
idence that the T4SS plays an important role in symbiosis.

2 Materials and methods

2.1 Plant growth conditions

Long-term agricultural research network (LTARN) plots were
established at the University of Minnesota Southern Research
and Outreach Center in Waseca, MN and the Southwestern
Research and Outreach Center in Lamberton, MN.
Experimental plots were established at each site on uniform
research land representative of regional-scale soil and climate
conditions that had been in an annual soybean-corn rotation
for at least 30 years. The soil in Lamberton is a Normania
loam/Webster clay loam and the Waseca site has a Webster/

82 Cao Y. et al.



Nicollet clay loam. Experimental plots were 24.4 m × 24.4 m,
and bordered by 7.6 m grassed alleyways.

At each LTARN site, a randomized complete block exper-
imental design was used, with four replications and six
cropping systems. In 2013, LTARN plots were planted uni-
formly with oat (Avena sativa L.). The oat crop was grown to
maturity, grain and stover were harvested, and plants were
terminated with glyphosate in early September. Plots were
tilled with a field cultivator in early November. In the spring
of 2014, plots were field cultivated once, and a Brillion packer
was used to firm up the seedbed. Plots were planted with the
alfalfa variety DKA44-16RR (DEKALB), using a 5-ft
Brillion seeder at a rate of approximately 16.8 kg seed/ha in
four plots per site, hereafter referred to as two-year-old alfalfa
(Y2). The seed had been treated with a rhizobial inoculant of
unknown composition by the manufacturer prior to packag-
ing. Roundup ULTRA® MAX was applied (1746 ml/ha) for
weed control in June. In 2015 four additional plots of alfalfa
were established at each site with the same variety, hereafter
referred to as one-year-old alfalfa (Y1), as described above.

2.2 Chemical and biological characterization of soil
samples

In October 2015, intact soil cores containing alfalfa roots and
soil approximately 12 cm in diameter and 20 cm deep were
removed from alfalfa plots Y1 and Y2 from the two LTARN
sites (eight plots per site). Cores were transported on ice to the
laboratory, and were stored overnight in a cold room at 4 °C
prior to processing. Cores were broken-up by hand and sub-
samples of bulk soil were collected, air dried, and sieved
(2 mm× 2 mm) prior to chemical analyses.

Soil pH was determined in a 1:1 (v/v) soil:water mixture.
Organic matter was determined by ashing 2 g of soil for 2 h at
360 °C. Nitrate was extracted from soil using 0.01MCaSO4 and
wasmeasured by using a Latchat Quikchem 8500 Flow Injection
Analyzer. Available potassium (K+) was determined using a 1 M
NH4OAc extraction and filtrates were measured by atomic emis-
sion spectrometry (Perkin Elmer Analyst 100). Available P was
extracted using the Bray method for 0.5MNaHCO3 and filtrates
were measured using the molybdate-blue method using a
Brinkmann PC 900 probe colorimeter (Frank et al. 1998). All
soil analyses were done at the University Minnesota Research
Analytical Laboratory, St. Paul, MN.

Differences in soil characteristics across sites and between
years were assessed using one-way ANOVA for each soil
property using the lm function in R (R core team 2014). All
data were tested for normality and homogeneity of variances.
If necessary, data were log transformed prior to statistical
analyses. Significance was determined at α = 0.05.

In order to estimate numbers of indigenous Sinorhizobium
in field soil, soil samples from LTARN plots were sieved
(2 mm× 2 mm), homogenized, and soil dilutions were used

to inoculate alfalfa seedlings cv. Agate in CYG growth
pouches (Mega International, Newport, MN). Population size
was determined using the most-probable-number method as
described by Somasegaran and Hoben (1994).

2.3 Nodule sampling and isolation of rhizobial strains

Up to 24 effective nodules, identified based on their pinkish
coloring, were collected from each soil core described above
for isolation of rhizobia. Nodules were surface sterilized with
5% sodium hypochlorite for 3 min and rinsed five times with
sterile deionized water. Each nodule was placed into 50 μl of
sterile water in individual wells of 96-well plates (Martínez-
Hildago et al. 2014) and was crushed with a sterile glass rod.
Nodule bacteria were streaked onto the surface of yeast ex-
tract–mannitol agar with 0.5% Congo red (Vincent 1970) and
plates were incubated at 23 °C for 3 to 5 days. Pure cultures
were obtained by repeatedly streaking single colonies on the
same medium.

To obtain rhizobia originating from commercially inoculat-
ed seeds that were used to establish LTARN plots, remnant
seeds were planted in sterilized vermiculite in 3.8 cm × 21 cm
plastic cell Bcone-tainers^ (Stuewe & Sons, Tangent, OR) and
placed in a growth chamber with a 16 h photoperiod at 23 °C.
Alfalfa seeds without an inoculant were used as controls to
ensure that contaminant rhizobia were not introduced from the
environment. Plants were watered daily with nitrogen-free
0.5× Hoagland’s nutrient solution (Hoagland and Arnon
1950). After 21 days, plants were harvested, roots were rinsed
briefly in sterile deionized water, nodules removed, and proc-
essed as detailed above to obtain pure cultures of the inoculant
strains. Attempts to isolate bacteria directly from seeds were
not successful.

2.4 Development and use of PCR primers
for identification of Sinorhizobium species
and detection of the T4SSb gene cluster

Nodulation specific genes mined from the genome sequences
of 33 strains of S. meliloti and 13 strains of S. medicae were
aligned using Clustal Omega (http://www.ebi.ac.uk/Tools/
msa/clustalo/) to identify conserved sequences. Those
regions were then used in a BLASTN search of the NCBI,
JGI, and Genoscope databases to identify sequences unique to
Sinorhizobium. This search returned a putative ROK family
transcriptional regulator upstream of nodP and nodQ that was
used to design PCR primers M2SM-F (5 ′-AGCG
GCACCAATCAGG-3 ′ ) and M2SM-R (5 ′ -CGGC
TGATCGGCTCGGC-3′) using ApE (http://biologylabs.
utah.edu/jorgensen/wayned/ape/). The primer sequences
were validated using 20 strains of S. meliloti, five strains of
S. medicae, as well as single strains of S. fredii, S. saheli, and
S. terangae. Other bacteria potentially associated with alfalfa,
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Agrobacterium rhizogenes, A. tumefaciens, Clavibacter
michiganensis subsp. insidiosus, Pseudomonas syringae pv.
syringae, and Xanthomonas alfalfae, were also tested for
amplification with these primers. The PCR templates were
composed of whole cells prepared by removing a portion of
a single colony from the culture plate of each strain using a 1-
μl sterile loop and suspending the cells in 50 μl sterile deion-
ized water. PCR cycling was performed in a total volume of
15 μl containing 7.5 μl of 2× GoTaq Green Master Mix
(Promega, Madison, WI), 0.3 μl M2SM-F (40 pmol/μl), 0.
3 μl M2SM-R (40 pmol/μl), 2.9 μl of nuclease-free water,
and 4 μl of whole cells. The PCR reactions were initiated with
a denaturation step of 95 °C for 5 min, followed by 30 cycles
of denaturation at 95 °C for 30 s, annealing at 58 °C for 1 min,
and extension at 72 °C for 1 min, with a final elongation step
for 5 min at 72 °C. Agarose gels (1%) were run to confirm the
presence of the 1142 bp product. The amplicon from S.
medicae and S. meliloti was purified using the QIAquick
PCR Purification Kit (Qiagen, Valencia, CA) and sequenced.

The T4SSb gene cluster contains the coding sequence for
the coupling protein VirD4 (Sugawara et al. 2013). The virD4

nucleotide sequence in Sinorhizobium was compared to other
known virD4 sequences, regions specific to Sinorhizobium
were identified, and primers VirD4-F (5′- CTCACAGC
CTCATCGTTG -3 ′) and VirD4-R (5 ′- TCTCAATC
GCCTCGAGCT-3′) were designed from this conserved se-
quence.Whole cell PCR templates were prepared as described
above and tested with strains previously characterized for the
T4SSb gene cluster as well as 16 additional S. meliloti strains
not previously assayed for the T4SS. PCR reactions were
initiated with a denaturation step of 95 °C for 5 min, followed
by 35 cycles of denaturation at 95 °C for 30 s, annealing at
55 °C for 30 s, and extension at 72 °C for 1 min, with a final
elongation step at 72 °C for 5 min. Agarose gels (1%) were
run to confirm the presence of the 807 bp PCR product. The
amplicon was purified from S. medicae and S. meliloti strains
and sequenced.

Bacterial isolates from nodules were tested first with the
Sinorhizobium primers M2SM-F and M2SM-R using a whole
cell template and the PCR protocol described above. Strains
that produced the expected ampliconwere subsequently tested
for virD4 using primers VirD4-F and VirD4-R.

2.5 16S rRNA gene sequencing

The 53 strains isolated from nodules that developed on
plants from commercially inoculated seeds and 156 field
strains identified as Sinorhizobium based on the M2SM
PCR assay were selected at random for 16S rRNA ampli-
fication and sequencing using primers 27F and 1492R
(Polz and Cavanaugh 1998). PCR cycling was performed
in a total volume of 50 μl containing 25 μl of 2× GoTaq
Green Master Mix (Promega), 1 μl 27F primer (40 pmol/

μl), 1 μl 1492R primer (40 pmol/μl), 11 μl of nuclease-
free water, and 12 μl of whole cell template prepared as
described above. The PCR reactions were initiated with a
denaturation step of 95 °C for 5 min, followed by 35 cy-
cles of denaturation at 95 °C for 30 s, annealing at 55 °C
for 30 s, and extension at 72 °C for 1 min, with a final
elongation step for 5 min at 72 °C. After verification of
amplification by gel electrophoresis, PCR products were
sent to GENEWIZ (South Plainfield, NJ) for DNA purifi-
cation and sequencing of both strands. Forward and re-
verse DNA sequences were assembled with Phred/Phrap
(Ewing et al. 1998; de la Bastide and McCombie 2007).
The resulting sequences were used as queries in a
BLASTN analysis to the NCBI RefSeq database (https://
www.ncbi.nlm.nih.gov/refseq/).

2.6 Rep-PCR DNA fingerprinting

Repetitive element palindromic PCR (rep-PCR) DNA finger-
printing (Schneider and de Bruijn 1996) was done using the
BOXA1R primer (Versalovic et al. 1994) on the subset of
S. meliloti strains used for 16S rRNA sequencing. A whole
cell PCR template was prepared as previously described. PCR
amplifications were carried out in a 25 μl reaction mixture
containing 6 μl of whole cells, 12.5 μl of 2× GoTaq Green
Master Mix (Promega), 1 μl BOXA1R primer (1.6 pmol), and
5.5 μl of nuclease-free water. The PCR reactions were initiat-
ed with a denaturation step of 95 °C for 2 min followed by
30 cycles of denaturation at 94 °C for 3 s and 92 °C for 30 s,
annealing at 50 °C for 1 min, and extension at 65 °C for 8 min,
with a final elongation step for 8 min at 65 °C (Johnson et al.
2004). The amplification products were separated by electro-
phoresis in 1.5% (w/v) Seakem LE agarose gels for 17.5 h at
70 V with constant buffer recirculation in a cold room at 4 °C.
The electrophoresed gels were stained for 20 min in a solution
of 0.5 μg/ml ethidium bromide in 0.5 X Tris-acetate-EDTA
buffer. Gel images were captured using a FOTO/Analyst
Archiver electronic documentation system (Fotodyne Inc.,
Hartland, WI).

Gel images were analyzed using BioNumerics v.3.5 soft-
ware (Applied Maths, Sint-Martens-Latem, Belgium) and
were converted to 8-bit gray-scale tagged image file format.
Gel lanes were normalized using the 1 kbp ladder from 253 to
10,000 bp (Promega) as an external reference standard. DNA
fingerprints were compared using the following BioNumerics
settings: 5% minimum profiling and zero gray zone, mini-
mum area, and shoulder sensitivity. Similarities of the DNA
fingerprints were calculated using the curved-based Pearson’s
product-moment correlation coefficient with zero optimiza-
tion. Similarity matrices were clustered using the unweighted
group method with arithmetic means. Maximum similarity
Jackknife analysis was used to determine how accurately
the known source of the isolate was represented by the
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genetic relatedness of each group (Johnson et al. 2004).
Isolates were manually assigned to their correct source groups
(Lamberton Y1, Lamberton Y2, Waseca Y1, Waseca Y2,
seed inoculant) and then each isolate was individually re-
moved from the database for jackknife analysis. Maximum
similarity is represented as the percentage of isolates from
each source group having been correctly assigned to the
group of origin.

2.7 Assessment of nodulation rate

The speed of nodulation of 12 randomly selected
S. meliloti strains isolated from nodules at the Waseca
field site was compared as described by Nelson et al.
(2015). Six of 12 field isolates were positive for virD4

while the remaining six were lacking virD4, as determined
by the PCR assay. Additionally, S. meliloti strain KH46c
and strain KH46cΔvirB6–9, which is unable to form a type
IV secretion apparatus, were used for inoculation as con-
trols that differ only by utilization of type IV secretion.
Briefly, alfalfa seeds (cv. Agate) were surface sterilized
and germinated on water agar plates for 36 h at room
temperature. The seedlings were placed in clear plastic
CYG growth pouches (Mega International) with
nitrogen-free Fahraeus nutrient solution and placed in a
growth chamber with a 16 h photoperiod at 23 °C. Each
S. meliloti strain was grown for 24 h in YM medium at
25 °C with shaking, pelleted, washed with sterile 0.85%
NaCl, and resuspended at OD600 = 0.1, corresponding to
approximately 108 colony forming units/ml. When seed-
lings were 5 days old, roots were inoculated with 1 ml of
S. meliloti cell suspension. Plants were observed daily and
the appearance of each nodule was recorded. After
21 days, plants were removed from the growth pouches,
the total number of nodules counted, and plant dry weight
(90 °C for 48 h) was determined. For each S. meliloti
strain there were five replications with three plants in each
replication. Differences in nodule number and plant dry
weight were assessed using one-way ANOVA and signif-
icance determined at α = 0.05 using Prism 7 (GraphPad
Software, Inc.). To assess nodulation kinetics, the nodule

number ratio (Hubber et al. 2004) was calculated at 4, 6,
8, and 21 days after inoculation by dividing the total
number of nodules formed on plants inoculated with
strains lacking virD4 by the total number of nodules on
plants inoculated with field strains containing virD4.
Nodulation kinetics were determined in the same manner
for the wild type KH46c and T4SS mutant KH46cΔvirB6–

9. The mean nodule number ratio at each time point was
compared to the theoretical mean = 1, indicating no differ-
ence in speed of nodulation, by two-tailed student’s t-test
with significance determined at α = 0.05.

3 Results

3.1 Soil chemical properties

Within each site, soil chemical characteristics were not signif-
icantly different between the Y1 and Y2 plots. The Waseca
soil had significantly greater soil pH (F = 4.32; P = 0.046),
available P (F = 17.66; P = 0.0002), extractable K (F =
37.76; P < 0.0001), and organic matter (F = 23.06; P <
0.0001) concentrations compared to the Lamberton site
(Table 1). In contrast, concentrations of available N were not
significantly different between sites (P = 0.9).

3.2 Primers specific for Sinorhizobium species
and detection of T4SSb gene cluster

PCR assays using the primers M2SM-F/R designed to a
conserved region in both S. meliloti and S. medicae
encoding an ROK family transcriptional regulator se-
quence upstream of nodP and nodQ amplified the expect-
ed 1142 bp product from the S. meliloti and S. medicae
strains tested but no product was produced from other
Sinorhizobium species or the alfalfa-associated bacteria
tested (Table 2). The amplified DNA sequences obtained
from S. meliloti KH46c, and field isolates WA101W4 and
WA200E4 (GenBank accessions MG030683, MG030679,
MG030680) and S. medicae strains M58 and WSM419

Table 1 Physical and chemical
characteristics of soils for year 1
(Y1) and year 2 (Y2) alfalfa
plantings

Location pH (H2O) Bray P (ppm) NO3
−-N (ppm) NH4OAc-K (ppm) Organic matter (%)

Lamberton

Y1 6.24 (0.75) 9.00 (3.51) 2.38 (0.84) 99.14 (14.63) 4.14 (0.27)

Y2 6.40 (0.58) 9.33 (5.81) 2.89 (0.61) 104.56 (10.30) 4.51 (0.23)

Waseca

Y1 6.73 (0.37) 24.13 (13.99) 3.30 (1.25) 147.75 (30.01) 5.58 (0.81)

Y2 6.53 (0.50) 18.75 (9.57) 2.28 (0.78) 135.94 (16.53) 5.14 (0.82)

Values represent means with standard deviations in parentheses
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(GenBank accessions MG030684, MG030685) matched
the conserved genome sequence used for primer design.

The primers designed to amplify the virD4 nucleotide se-
quence in the T4SSb gene cluster produced the expected
807 bp PCR product from S. meliloti and S. medicae strains
known to have the T4SSb gene cluster (Table 2). Analysis of
16 additional S. meliloti strains from the USDA collection iden-
tified five strains positive for virD4. All strains containing virD4

had the same amplicon size, although there were several single
nucleotide polymorphisms (SNPs) identified in the amplicons
that were sequenced; S. medicae WSM419 with 5 SNPs
(GenBank accession MG030682), S. meliloti KH46c with 3
SNPs (GenBank accession MG030681), and S. meliloti
WA200E4 with 2 SNPs (GenBank accessionMG030678) com-
pared to WA101W4 (GenBank accession MG030677).

3.3 Rhizobial collection and characterization

Population densities of indigenous Sinorhizobium in soil de-
termined by the most probable number plant-infection assay
were similar from Waseca and Lamberton. At Waseca the
mean population was 993 Sinorhizobium cells/g soil (ranging
from 1.8 × 102 to 1.4 × 103 cells/g) and the Lamberton soil
averaged 327 Sinorhizobium cells/g soil (ranging from 8.0 ×
101 to 7.2 × 102 cells/g).

Abundant pink effective nodules were observed on al-
falfa roots collected from the Y1 and Y2 plots at both
locations. A total of 615 Sinorhizobium strains were iso-
lated in pure culture, each from an individual alfalfa root
nodule. Out of 280 Sinorhizobium strains obtained from
alfalfa root nodules grown in Lamberton, 162 and 118

Table 2 Results of PCR assays
using primers designed to identify
Sinorhizobium medicae and
S. meliloti and detect the VirD4

gene in the type IV secretion
system b (T4SSb) gene cluster

Strain M2SM-F/R a VirD4-F/R b Referencec

Sinorhizobium fredii USDA 207 – – Sugawara et al. 2013
S. medicae A321 + + Sugawara et al. 2013
S. medicae M22 + + Sugawara et al. 2013
S. medicae M58 + – Sugawara et al. 2013
S. medicae M1 + + Sugawara et al. 2013
S. medicae WSM 419 + + Sugawara et al. 2013
S. meliloti 102F51 + + This publication
S. meliloti KH46c + + Sugawara et al. 2013
S. meliloti KH48e + – Sugawara et al. 2013
S. meliloti T073 + – Sugawara et al. 2013
S. meliloti USDA 1002 + – Sugawara et al. 2013
S. meliloti USDA 1005 + – This publication
S. meliloti USDA 1021a + – This publication
S. meliloti USDA 1027 + + This publication
S. meliloti USDA 1031 + – This publication
S. meliloti USDA 1035 + – This publication
S. meliloti USDA 1045 + – This publication
S. meliloti USDA 1107 + – This publication
S. meliloti USDA 1146 + – This publication
S. meliloti USDA 1149 + + This publication
S. meliloti USDA 1150 + + This publication
S. meliloti USDA 1164 + – This publication
S. meliloti USDA 1170 + – This publication
S. meliloti USDA1171 + – This publication
S. meliloti USDA 1179 + + This publication
S. meliloti USDA 1180 + – This publication
S. saheli USDA 4893 – – Sugawara et al. 2013
S. terangae USDA 4894 – – Sugawara et al. 2013
Agrobacterium rhizogenes A4 – NDd

A. tumefaciens A281 – ND
A. tumefaciens LBA4404 – ND
Clavibacteter michiganensis subsp. insidiosus – ND
Pseudomonas syringae pv. syringae ALF3 – ND
Xanthomonas alfalfae – ND

a Primers M2SM-F and M2SM-R were designed to a ROK family transcriptional regulator sequence upstream of
nodP and nodQ in the genomes of S. medicae and S. meliloti
b Primers VirD4-F and VirD4-Rwere designed to amplify conserved virD4 sequences in the T4SSb gene cluster of
S. medicae and S. meliloti
c Publication identifying strains with virD4 or T4SSb gene cluster
d Not done
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strains were isolated from the nodules of Y1 and Y2 al-
falfa plots, respectively. Of the 282 Sinorhizobium strains
from Waseca, 174 and 108 were from Y1 and Y2 plots,
respectively. In addition, 53 Sinorhizobium strains were
isolated from nodules that developed on plants from com-
mercially inoculated seeds that were grown in sterile ver-
miculite in a growth chamber; 24 strains from seeds used
to plant alfalfa stands in 2014 (Y2) and 29 strains from
seeds used in 2015 (Y1). Amplification and sequencing of
16S rRNA was done for 209 Sinorhizobium strains and
the identical 1346 bp sequence was obtained from each
strain (GenBank accession MF682265) that had 100%
identity to the 16S rRNA gene sequence of S. meliloti
USDA1021 (CP021800.1), as well as numerous addition-
al S. meliloti strains.

3.4 Occurrence of virD4 in field isolates

The virD4 gene was identified in 33% of field isolates by
PCR amplification using the VirD4-F/R primers. Based on
previous comparative genome sequence analysis of 48
Sinorhizobium strains, the presence of virD4 in
S. meliloti indicates the presence of the T4SSb gene clus-
ter. Out of 280 Sinorhizobium strains obtained from alfal-
fa root nodules grown in Lamberton, 38% (106 strains)
contained virD4, 30% (49 of 162 strains) from Y1 plots
and 48% (57 of 118 strains) from Y2 plots. From the
Waseca field site, of the 282 total isolates, 29% (82
strains) were identified with virD4, 29% (51 of 174
strains) from Y1 and 29% (31 of 108 strains) for Y2

alfalfa plots. None of the 53 S. meliloti strains recovered
from nodules on plants from commercially coated seeds
were positive for virD4. These results suggest that the
T4SSb gene cluster occurs in widely in indigenous field
populations of S. meliloti.

3.5 Molecular diversity of S. meliloti strains

The rep-PCR DNA fingerprints of S. meliloti strains showed a
high degree of genetic diversity among field isolates (Fig. 1).
Nodules from the Lamberton field site harbored strains that
were more genetically diverse than those isolated from
Waseca (Fig. 2). For either site, Lamberton or Waseca, strains
from alfalfa plants that were 6-months-old (Y1) and 18-
months-old (Y2) were not significantly different (data not
shown). None of the strains from inoculated seeds were iden-
tified in nodules of field grown plants based on rep-PCR
banding patterns. Strains isolated from the commercially in-
oculated seeds differed from those obtained from field sam-
ples and grouped in three distinct clusters (Fig. 3). Strains with
virD4, suggesting the presence of the T4SSb gene cluster,
were distributed in all clusters of field isolates.

Jackknife maximum similarity analysis demonstrated that a
great number of strains overall were assigned to the correct
source group (Lamberton, Waseca, seed inoculant), such that
87% of S. meliloti strains from Lamberton and 67% of strains
fromWaseca were assigned to the correct source (Table 3). By
contrast, all seed inoculant strains (100%) were correctly
assigned to the correct source.

Fig. 1 Representative agarose gel
separation of rep-PCR products
from field strains of
Sinorhizobium meliloti using the
BOXA1R primer. M: molecular
size marker. 1–23: are rep-PCR
products from individual
S. meliloti strains
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3.6 Strains with virD4 have more rapid nodulation
kinetics

Nodulation kinetics of 12 field strains that differed for virD4were
evaluated in growth chamber assays. The first nodules appeared
4 days post-inoculation (dpi) and by 8 dpi almost all plants had
developed nodules. As a group, the strains positive for virD4 had
more rapid nodulation kinetics than plants lacking virD4. As
shown in Fig. 4, the mean nodule number ratio for field strains
at 4 dpi was significantly less than 1, indicating that plants inoc-
ulated with the strains lacking virD4 formed nodules at a slower
rate than the plants inoculated with strains positive for virD4.
Similarly, the plants inoculatedwith strainKH46cΔvirB6–9, which
is unable to transport effectors through a T4SS, nodulated at a
slower rate than did the wild type strain KH46c. The mean num-
ber of nodules/plant andmean plant dry weight at 21 dpi were not
significantly different among the field strains (Supplementary
Table 1).

4 Discussion

In this study we evaluated a collection of Sinorhizobium strains
obtained from root nodules of alfalfa plants grown in two locations
in Minnesota that had not been cultivated to alfalfa for >30 years.
We developed, validated, and used novel PCR primers to distin-
guish Sinorhizobium strains from other bacteria isolated from nod-
ules and to identify the Sinorhizobium strains with virD4, indica-
tive of presence of the T4SSb gene cluster. The T4SSwas hypoth-
esized to play a role in host-determination and/or symbiotic effi-
ciency.We found the T4SSb gene cluster, defined by the presence
of virD4, to occur in about 33% of the field isolates. Randomly

selected strains with virD4 formed nodules at a faster rate than
those lacking virD4.Moreover, amutant lackingType IV secretion
(KH46cΔvirB6–9) also had slower nodulation kinetics compared
to the wild type strain. These results provide additional evidence

Fig. 3 Dendrogram illustrating genetic diversity of Sinorhizobium
meliloti based on rep-PCR fingerprinting. Similarity matrices were clus-
tered using the unweighted group method with arithmetic means. Field
strains do not cluster by location. Strains originating from seeds treated
with a commercial inoculant form three clusters distinct from field strains

Fig. 2 Principal Component Analysis (PCA) shows significant genetic
differences among Sinorhizobium meliloti strains isolated from field sites
and inoculated seeds regardless of year. This PCA analysis is based on
rep-PCR DNA fingerprint patterns generated by the gel analysis software
BioNumerics v.3.5 (Applied Maths, Sint-Martens-Latem, Belgium).
PC1 = principal component 1, PC2 = principal component 2

Table 3 Jackknife maximum similarities analysis describing the
percentage of maximum similarity of an individual gel band pattern to
that of a particular group. Isolates were manually assigned to their correct
source groups and then each isolate was individually removed from the
database for jackknife analysis. Maximum similarity is represented as the
percentage of isolates from each source group having been correctly
assigned to the group of origin

Lamberton Waseca Seeds

Lamberton 87.34 28.95 0

Waseca 11.39 67.11 0

Seeds 1.27 3.95 100
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that the T4SSb gene cluster, which encodes proteins for transfer of
effector proteins into the host cell, is involved in competitiveness
for nodulation on alfalfa.

Two closely related species of Sinorhizobium, S. meliloti
and S. medicae, form effective nodules on alfalfa (de Lajudie
et al. 1994; Rome et al. 1996). Although S. medicae has been
reported in Europe, North Africa, the Middle East, and
Mexico (Bailly et al. 2006; Silva et al. 2007; Talebi et al.
2008; Trabelsi et al. 2010), it has not been reported to be
native to North America. In contrast, S. meliloti appears to
be found in most temperate soils worldwide as a free-living
bacterium, forming nodules on species of Medicago,
Melilotus, and Trigonella, and increasingly identified as an
endophyte in dicots and monocots (Chi et al. 2005; Pini
et al. 2012; Sprent 2001). PCR primers for identifying both
species have been lacking although PCR primers are available
for specifically identifying S. meliloti (Sánchez-Contreras
et al. 2000; Trabelsi et al. 2009). Sequencing recA (Silva
et al. 2007) or MsaI digestion of 16S rDNA (Zribi et al.
2005) is required to differentiate S. medicae from S. meliloti.
The availability of a large collection of S. meliloti and
S. medicae genome sequences allowed us to develop novel
primers that amplified conserved sequences in both S. meliloti
and S. medicae. The M2SM-F/R primers may be useful in
further studies to investigate the biogeography of the two spe-
cies from plant or soil samples. In our studies, we followed the
Sinorhizobium PCR assay with 16S rDNA sequencing and
found only S. meliloti in alfalfa nodules. Alternatively, after
amplification with M2MS-F/R primers, a second PCR could
be done with primers for amplifying rpoE or nodC to identify
S. meliloti (Trabelsi et al. 2009).

Previous research indicated that the T4SSb gene cluster is
involved in host specificity or symbiotic efficiency and was

identified in 27% of strains used for complete genome sequenc-
ing (Sugawara et al. 2013). We identified virD4, indicative of the
T4SSb gene cluster, in an additional five of 16 well-
characterized strains from the USDA collection and in 33% of
our field strains. However, virD4 was lacking in all strains iso-
lated from commercially inoculated seeds. The T4SS is well
characterized in Agrobacterium and functions to translocate T-
DNA and effector proteins into plant cells (Wallden et al. 2010).
Seven T4SS subfamilies were identified based on gene structure
and evolution. Of particular interest to symbiosis is the T4SSb
gene cluster that encodes VirB1-VirB11, which forms the secre-
tion apparatus, and a VirD4-like protein that may function to
recruit proteins for secretion. Secretion of effectors by a T4SS
to promote symbiosis was first demonstrated in R. loti (Hubber
et al. 2004) and more recently in S. meliloti and S. medicae
(Nelson and Sadowsky 2015). Deletion of virB6–9 in S. meliloti
decreases competitive ability for nodule occupancy in
M. truncatula and deletion of the effector gene tfeA results in
reduced nodule number (Nelson et al. 2015, 2017). We found
that the field strains with virD4 had more rapid nodulation kinet-
ics compared to the field strains lacking virD4. These data further
support the importance of the T4SS in symbiosis in S. meliloti.
Strains with the T4SS may be more competitive for nodulation
when used as seed or soil inoculants.

Alfalfa plants grown in two locations that had not been used
for alfalfa cultivation for >30 years were found to be well
nodulated with genetically diverse S. meliloti strains indigenous
to the soils at each site. Lamberton andWaseca soil sampleswere
significantly different in terms of soil chemical characteristics
known to influence soil microbial communities such as pH, or-
ganic matter, and available macronutrients (Fierer and Jackson
2006). Differences in soil properties may have contributed to the
differences in genetic identity and diversity of S. meliloti among

Fig. 4 Nodulation kinetics of alfalfa plants inoculated with
Sinorhizobium meliloti strains. White bars are mean nodule number
ratios calculated after inoculation with six field strains without virD4

compared to six field strains with virD4 (±SE). Hatched bars are mean
nodule number ratios calculated after inoculation with S. meliloti KH46c

ΔvirB6–9 lacking a functional Type IV secretion system compared to the
wild type KH46c (± SE). n = 15 plants per strain. * = significantly
different from the theoretical mean = 1 by two-tailed student’s t-test with
significance determined at α = 0.05
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sites, as others have previously reported (Pafetti et al. 1996). A
previous study usingRAPDmarkers found high levels of genetic
diversity in S. meliloti strains in Italian field soils and that single
plants were nodulated by many different strains (Carelli et al.
2000). Genetic diversity in S. meliloti has been associated with
field locations in a study using AFLP markers (Donnarumma
et al. 2014) and with environmental conditions in a study using
rep-PCR (Talebi et al. 2008). The accessory plasmids in
S. meliloti likely contribute greatly to diversity because they are
important in environmental adaptation, and a high level of diver-
sity occurs in pSymA and in accessory plasmids (Lagares et al.
2014). Whether the populations in our study were maintained
from original soil colonists or were augmented from strains that
dispersed from alfalfa fields in the vicinity remains an open ques-
tion. The indigenous populations were clearly sufficient for ef-
fective nodulation of alfalfa in the study sites, and were more
competitive for nodule occupancy than strains used for commer-
cial seed inoculation. Soils without recent alfalfa cultivation
should not be assumed to have low S. meliloti populations.
Strains inoculated onto seeds could not be recovered from
field-grown plants and may not have competed with indigenous
strains for nodulation or did persist in field soils.
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