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Abstract

Naturally-occurring nitrogen-fixing symbionts from root nodules of caragana, (Caragana
arborescens), growing in central Saskatchewan were isolated following surface
sterilizing caragana root nodules, squashing and spreading the contents on yeast-extract
mannitol medium. The symbiotic nature of the strains was confirmed following
inoculation onto surface sterilized C. arborescens seed in a gnotobiotic Leonard jar
system. The Rhizobium isolates from C. arborescens root nodules are intermediate in
growth rate (g) (mean of 5 isolates g = 6.41) as compared to fast growers, Rhizobium
leguminosarum NRG457 (g: 4.44), R. tropici 899 (g: 3.19) and Sinorhizobium meloliti
BALSAC (g: 3.45) but faster than the slow grower Bradyrhizobium japonicum USDA
110 (g: 13.86) and similar to Mesorhizobium amorpheae (g: 7.76). Nitrogen derived from
fixation by measuring changes in §"°N natural abundance in plant tissue confirmed the
effectiveness of the strains; approximately 80% N, from fixation. Strain identification
was carried out by determining the sequences of three genes, 16S rRNA-encoding genes,
cpn60, and recA. This analysis determined that the symbiotic partner of Canadian C.
arborescens belong to genus Mesorhizobium and seem more related to M. loti than to
previously described Caragana symbionts like M. caraganae. This is the first report of
Mesorhizobium sp nodulating C. arborescens in western Canada.
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Introduction

Caragana arborescens, commonly referred to as caragana or Siberian pea-shrub,
is a woody legume in the family Fabaceae and native to north-eastern Europe and central
Asia. Caragana arborescens was introduced to North America in 1752 and is the favored
species in western Canadian prairie for shelterbelts for seeded fields and farm homes
(Dietz et al. 2008). Its endurance to cold and drought conditions, long life span, ability to
fix nitrogen, and height of 4-5 m made it an acceptable choice. C. arborescens tolerance
to cold was reported by Hensley and Carpenter (1979). The lowest activation temperature
of nodules from the several legumes tested were those of C. arborescens, i.e. 3-5 °C.

Symbiotic interactions involving leguminous plants and rhizobia result in the
differentiation of root or stem tissue into nodules where these bacteria reduce nitrogen
gas to nitrogenous compounds which enter the plant’s metabolic machinery. Early studies
by Beijerinck suggested that the root nodule isolates from C. arborescens were similar to
the slow growing rhizobia from cowpea, soybean or lupin (Allen and Allen 1939).
Gregory and Allen (1953) reported markedly different growth rates and other
physiological differences from fourteen rhizobial isolates from root nodules of C.
arborescens. Plant cross-inoculation groupings placed the rhizobia that nodulate C.
arborescens in the Lotus group (Jarvis et al. 1982). Further refinements in the
nomenclature of Rhizobium spp. resulted in the transfer of the C. arborescens symbiont to
Mesorhizobium gen nov (Jarvis et al. 1997). In a phylogenetic tree based on the 16S
rRNA-encoding gene, Chen et al. (2008) reported that Mesorhizobium sp CCBAU 11226,
isolated from C. arborescens roots, was closely-related to M. tianshanense USDA 3592

(>99.3% sequence identity at the 16S rRNA-encoding locus). To our knowledge, the
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identity of the rhizobia species nodulating C. arborescens in Canada has not been studied
or reported.

In 2007, field plots were established in Saskatchewan, Canada, with pure and
mixed plantations of willow (Salix miyabeana) and C. arborescens, to examine the
potential of species association as a strategy for sustained productivity and reduced CO,
footprint (Moukoumi et al. 2012). Examination of field grown C. arborescens revealed
that the roots were nodulated, whereas it was determined with the §"°N natural abundance
method that as much as 30% of total nitrogen in C. arborescens leaves on poor soils
originated from the atmosphere (i.e. N obtained from biological N,-fixation). These
results suggest that the soil had a competent population of rhizobia. The objectives of this
study were to: 1) isolate naturally occurring nitrogen-fixing symbionts from C.
arborescens root nodules, 2) confirm N, fixation activity by the 8"°N natural abundance
method, and 3) apply 16S rRNA, recA, and cpn60 sequence analysis to identify the
rhizobial symbiont from C. arborescens.

Materials and methods

Isolation of putative Rhizobium strains from C. arborescens root nodules

Nodules were collected from the roots of C. arborescens plants carefully
extracted from field plots in three former agricultural fields in central Saskatchewan; two
associated with the University of Saskatchewan, Saskatoon and a third in Harris, Sk, 90
km southwest of Saskatoon. Field site characteristics are reported in Moukoumi et al.
(2012). Thirty root nodules were surface sterilized by immersing and with shaking in
95% ethanol for 20 sec, 5 min in 20% sodium hypochlorite (commercial Clorox bleach

diluted 5 x in sterile dH,0) and rinsed 7 times in sterile dH,O. Surface sterilized nodules
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were squashed, using flame-sterilized forceps, and the nodule contents were spread over
the surface of yeast extract-mannitol agar (YMA); g/1000mL dH,0: mannitol, 10;
KoHPQOy4, 0.5; MgS0,4.7H,0, 0.2; NaCl, 0.1; CaCOs3, 0.01; yeast extract (Difco, Detroit)
0.5; agar, 15g, in Petri dishes and incubated at 23 °C (Weaver and Frederick 1982). After
4 d colonies of putative Rhizobium strains were restreaked on YMA and incubated at
23°C. This process was repeated 2 additional times to insure purity before inoculating
YM broth (Weaver and Frederick 1982). After 4 days of incubation with shaking at 150
rpm at 23 °C, the cultures were streaked onto YMA and nutrient agar (Difco, Detroit) for
additional purity checks. Five putative isolates named Laura, Harris, Sovereign, Thrasher
and Kernan were retained and preserved in a -80 °C freezer.
Generation time (g) studies — comparison to reference Rhizobiaceae isolates

One hundred mL of YM broth in 250 mL baffled flasks was inoculated with 0.2
mL of stationary phase cultures of each isolate and reference isolates from other genera
of rhizobia. All isolates were incubated at 23 °C with shaking at 150 rpm. Population
densities of rhizobial isolates Laura, Harris, Sovereign, Thrasher and Kernan,
Sinorhizobium meloliti BALSAC, Rhizobium leguminosarun NRG457 (Agriculture Agri-
Food Canada), R. tropici 899, a.k.a. CIAT899 (University of Minnesota),
Bradyrhizobium japonicum USDA 110 (kindly provided by Guoping Yang,
BeckerUnderwood Inc.), and M. amorpheae (DSM No. 21831) were determined by serial
dilution and plating on YMA.. Generation time (g) was determined by first calculating the
number of generations (n) that occurred during the logarithmic phase of growth (N and
No: final and original population densities) from the equations:

n = (logio N — logio No)/logso 2



90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

Generation time was calculated from the equation: g = t/n
where t is elapsed time from N and No. Mean generation times were calculated from
triplicated growth experiments with each isolate.
Leonard jar studies

C. arborescens seeds, provided by the Agroforestry Development Centre (Indian
Head, Sk.), were surface sterilized using a 95% ethanol solution for 25 sec followed by a
20% sodium hypochlorite (as above) solution for 20 min. Following 7 sterile dH,O
rinses, the seed was placed in a laminar flow hood to dry. The seeds were then pre-
germinated on moistened sterile filter paper and two seedlings were later transplanted
into sterilized Leonard jar assemblies (Vincent 1970). The upper part of the assembly,
300 mL, was filled with acid washed sand and the lower part of the assembly, 500 mL,
contained N-free plant nutrient solution (Hoagland and Arnon 1950). Putative Rhizobium
isolates grown in YM broth and incubated on a reciprocal shaker (150 rpm) at 23°C for 4
days were applied in 1 mL aliquots to each seedling. Treatments included C. arborescens
seedlings inoculated individually with strains Laura, Harris, Sovereign, Thrasher and
Kernan and the non-inoculated control. C. arborescens was grown in a Conviron plant
growth room with day/night temperatures of 23 and 20°C and 10 hours of light and 14
hours of darkness. After 90 days, C. arborescens shoots were cut from the roots, dried at
65°C for 3 days, weighed and finely ground before **N/**N and total C and N analysis.
Foliage sampling and analyses of nitrogen (N), carbon (C) and N isotopes

The oven-dried samples were coarsely ground prior to leaf N and C determination
by dry combustion and infrared detection using a Leco CNS 2000 Analyzer (LECO

Corporation, St. Joseph, MI). Sub-samples were then further ground (<60um) and 1.0 +



113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

0.15 mg was analyzed for *N/*N ratios using a continuous flow isotope ratio mass
spectrometer interfaced with a RoboPrep Sample Converter (Europa Scientific, Crewe,
UK). The working standard for >N/*N was pea grain (atom %N content = 0.36726).
The deviation of the sample *°N/*N ratio from that of the atmosphere (5"°N) was
calculated as follows:

515N = ((R Rstandard) _1) x1000

sample/

Molecular phylogenetic studies of the putative Rhizobium strains

DNA was extracted from 200 pL of an overnight culture of each isolate using a
modified bead-beating protocol as described by Hill et al. (2005a). Final DNA pellets
were dissolved in 100 pL of 10 mM Tris-Cl pH 8.0 with ImM EDTA. Two uL of each
extract were used as a template in a PCR with primers F1 and R2 (Dorsch and
Stackebrandt 1992), which amplify nucleotides 11-536 of the 16S rRNA-encoding gene
(numbering according to E. coli sequence). recA gene fragments were amplified using
primers recA63F and recA555R as described by Gaunt et al. (2001). 16S rRNA and recA
amplicons were sequenced directly using the amplification primers. For amplification of
the cpn60 universal target (cpn60 UT) (Hill et al. 2004), a cocktail of primers H279/H280
and H1612/H1613 was used as described (Hill et al. 2005b) with an annealing
temperature of 50°C. Amplicons were generated using combinatorial enhancer solution
(CES) according to Ralser et al. (2006) in order to improve the representation of all
copies of cpn60 from each isolate. cpn60 UT PCR products were ligated into pGEM-T
Easy PCR product cloning vector (Promega, Madison, W1) according to the

manufacturer’s directions prior to sequencing, and a total of 48 cpn60 UT clones was
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sequenced for each isolate. Sequences were analyzed using pregap v1.5/gap v4.10
(Staden package) to generate contigs that were manually checked for quality and trimmed
of primer sequences.

Taxonomic analysis. 16S rRNA, recA, and cpn60 UT sequences were aligned using the
default parameters of clustalw (Thompson et al. 1994) to determine sequence identities.
Phylogenetic analysis was performed using the neighbor joining method (Saitou at al.
1987) with bootstrapping using 500 replicates. Phylogenetic trees were generated using
MEGA4 (Tamura et al. 2007).

Whole-genome alignments and determination of average nucleotide identity (ANI) by
MumMer (ANIm), ANI by BLAST (ANIDb), and tetranucleotide frequency correlations
(Tetra) were determined using JSpecies as described by Richter and Rossello-Mora
(2009). Mesorhizobium genomic sequences were obtained from NCBI (M. ciceri biovar
biserrulae WSM1271, M. australicum WSM2073, M. opportunistum WSM2075, and M.
loti MAFF303099) or from the Joint Genome Initiative Genome Portal

(http://genome.jgi-psf.org/) for M. loti WSM1293, M. loti R7A, M. loti R88b, M. loti

NZP2037, M. loti R7A, and Mesorhizobium sp. BNC1. Sequences of all cpn60 UT copies
that were not available in GenBank or in cpnDB were retrieved from the draft genomes
using BLASTp with the M. loti cpn60 UT peptide sequence (cpnDB ID b4797) as the
query.
Data analysis

Means of triplicate samples of each treatment plus/minus standard errors are

reported.

Results
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Isolation of putative Rhizobium strains from C. arborescens root nodules

Rhizobium-like colonies were randomly selected from YMA plates previously
streaked with the contents from squashed root nodules of C. arborescens. Visual
characterization of the five putative isolates of Rhizobium was as follows: colonies were
opaque white, raised and round and 0.5 to 1 mm in diameter after 6 days growth at 23°C.
Generation time (g) studies — comparison to reference Rhizobiaceae isolates

Generation times (g) of the five rhizobia isolates were compared to fast,
intermediate and slow growing Rhizobiaceae isolates (Table 1). The isolates from C.
arborescens root nodules were intermediate in growth rate as compared to the fast
growing R. leguminosarum NRG457, g: 4.44; R. tropici 899, g: 3.19 and S. meloti
BALSAC, g: 3.45 and slow growing B. japonicum USDA110, g: 13.86 (Table 1). The
mean g for the C. arborescens root nodules isolates was 6.41, similar to that of an
intermediate growing M. amorpheae, g: 7.76. Acid production by the C. arborescens root
nodules isolates, S. meloliti BALSAC, R. tropici 899, R. leguminosarum NRG457 and
alkali production by B. japonicum USDA 110 in YM broth were noted (data not
presented).
Leonard jar studies

Nodules with red interiors developed on C. arborescens roots, indicative of the
presence of leghemoglobin and effective nitrogen-fixing activity. C. arborescens root
nodules were elongate, approximately 3 by 1.5 mm and typically there were 20 -30
nodules per plant. All inoculated plants growing in a N-free medium (Hoagland and
Arnon 1950) had dark green leaves, suggesting that these plants were supplied N by

symbiotic nitrogen fixation. Non-inoculated C. arborescens plants displayed stunted
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growth, the roots did not have nodules and the leaves were yellow, indicative of N
deprivation.

Nitrogen and C concentrations and N isotopes data generated from the leaves
collected from the nodulated and non-nodulated C. arborescens are presented in Table 2.
Nodulated plants had on average 4.9 and 3.2 times higher percent N and C than the non-
nodulated (non-inoculated) plants (Table 2). §'°N varied from -1.84 to -1.44 for the
nodulated plants. §°N of the non-inoculated plants was 0.8 indicative that all of the N
was derived from the seed.

Molecular taxonomic studies of the putative Rhizobium strains

Comparison of the 16S rRNA-encoding genes of the five isolates to the
corresponding reference strains suggested that the isolates formed two groups within the
genus Mesorhizobium (Figure 1). The 16S rRNA-encoding sequences of isolates Laura
and Kernan were closely related to M. amorphae, M. australicum and Mesorhizobium
isolates CCBAU 11231, CCBAU 11214, and CCBAU 11208 identified by Chen et al.
(2008). Isolates Harris, Sovereign and Thrasher had identical 16S rRNA-encoding
sequences that were closely related to a group of Mesorhizobium spp. including M.
caraganae, M. loti, and CCBAU 11226 (Chen et al. 2008). Although the 16S rRNA-
encoding sequences of all the isolates and reference strains formed distinct clustering
patterns that were consistent with those described by Chen et al. (2008), the sequences
were highly similar to one another, sharing sequence identities > 97% (data not shown).

We also examined two protein-encoding genes, cpn60 and recA, for determining
the taxonomic affiliations of the isolates. Since cpn60 is present in multiple copies in the

root-nodulating Alphaproteobacteria (Lund 2009), we examined all of the currently

10
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available complete genomes for Mesorhizobium spp. Representative results are shown in
Table 3. Determination of the genomic identity parameters described by Richter and
Rossello-Mora (2009) revealed that most of these sequenced strains can be identified as
separate species, consistent with their current taxonomic designations, although their
close phylogenetic relationship is reflected in the generally high Tetra scores that were
observed (Table 3). Among the 5 M. loti genomes that were compared, however, only
one pair, M. loti MAFF303099 and M. loti R7A, had sufficiently similar genomic
sequences to be considered the same species according to the metrics suggested by
Richter and Rossello-Mora (2009) (Table 3). Turner et al. (2002) suggested that strain
MAFF303099 has been mis-assigned to M. loti and should instead be classified as M.
huakuii biovar loti. Unfortunately the lack of a complete genome sequence for the latter
strain precludes its inclusion in this whole-genome sequence analysis. All of the other
pairs of M. loti genomes fell below the sequence similarity cutoffs defined by Richter and
Rossello-Mora (2009) for grouping into the same species (Table 3 and data not shown).
Among all of the strains, the number of copies of cpn60 varied, from as few as 2 copies
in Mesorhizobium spp. BNCL1 to as many as 5 in M. loti MAFF303099. Some of these
copies shared a very high sequence identity (up to 1.0), despite being from distinct
species as shown by JSpecies (Table 3). Other cpn60 copies were highly distinct from
one another, with pairwise cpn60 UT sequence identities of 0.74-0.76.

Clones corresponding to the cpn60 UT were retrieved for all isolates. The number
of distinct cpn60 copies that were retrieved for each isolate varied from 3 (isolate
Sovereign) to 7 (isolate Thrasher) (Table 4). In all cases, the cpn60 copies from a single

isolate were most closely related to 2 or 3 different Mesorhizobium spp., with sequence
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identities ranging from 87.2% to 98.7% (Table 4). Phylogenetic analysis of all of the
cpn60 copies observed from all isolates revealed that several of the cpn60 sequences from
the isolates were identical or nearly identical to one another (supplemental Figure 1%).
Only one cpn60 sequence was observed in all of the strains (Sovereign cpn60-2, Laura
cpn60-4, Harris cpn60-3, Thrasher cpn60-2, Kernan cpn60-2) This cpn60 sequence
shared ~94% sequence identity with 3 of the cpn60 copies from M. loti MAFF303099. A
few other cpn60 sequences were shared by 2 or 3 isolates (supplemental Figure 1%).
Generally the cpn60 sequences of the C. arborescens-nodulating isolates described here
tended to cluster together (Supplemental Figure 11).

Finally, to place these isolates in the context of reference strains of
Mesorhizobium as well as the isolates reported by Chen et al. (2008) and Yan et al.
(2007) the sequences of recA fragments for isolates Sovereign, Thrasher and Kernan were
determined. These sequences were all identical to one another and phylogenetic analysis
placed these isolates in a clade with M. loti LMG 6125 as well as M. ciceri (Figure 2).
The isolates reported here appeared to be distinct from the strains isolated by Chen et al.
that form a symbiotic relationship with C. arborescens (Chen et al. 2008, Yan et al.
2007).

Discussion

Mesorhizobium isolates were collected from C. arborescens root nodules grown
in soil containing naturally occurring and effective rhizobia. This study is part of a larger
study examining species association and nitrogen contribution from N-fixing C.

arborescens to Salix miyabeana (Moukoumi et al. 2012). Wind carrying soil laden with

! Supplemental data are available with this article through the journal web site at
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effective rhizobia for caragana from near-by (2 km or more) rows of caragana is the
likely source of inoculum since these agricultural sites had never been planted with
caragana. The origin of this rhizobial population is unknown, but presumably was
introduced to Saskatchewan soils from northern Asia with C. arborescens over 1 century
ago (Cram 1969). The importance of an effective rhizobial symbiont for survival and
establishment of C. arborescens was highlighted when C. arborescens was introduced in
New Zealand for revegetation of semiarid areas (Wills 1982). Nodulated by ineffective
rhizobia, C. arborescens was chlorotic, slow to establish and displayed low survival rates
(Wills 1982). The long history of cultivating C. arborescens in Saskatchewan to mitigate
wind erosion of soils has resulted in the soil becoming enriched with effective rhizobial
symbionts. Indeed, Vlassak et al. (1973) reported in a Saskatchewan field study using the
acetylene reduction technique that C. arborescens fixed 335 ug N/g soil /h. In the present
study, the contribution of fixed nitrogen and identity of the rhizobial symbiont of C.
arborescens growing in western Canada was determined by 8*°N natural abundance
method and sequence analysis of selected genes.

Mesorhizobium spp. from this study exhibited an intermediate growth rate (g)
similar to that described of other rhizobia isolated from C. arborescens root nodules from
diverse locations and similar to Mesorhizobium amorpheae; slower than, for example,
Rhizobium leguminosarum NRG457, R. tropici 899 and Sinorhizobium meloliti
BALSAC, but faster than Bradyrhizobium japonicum USDA 110 (Gregory and Allen
1953, Jarvis et al. 1982, Willems, 2006). Mesorhizobium spp. from this study formed
effective nodules on C. arborescens roots and augmented the allocation of N into the

leaves in a gnotobiotic system (Vincent 1970).
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Plant tissue from C. arborescens inoculated with isolates Laura, Harris,
Sovereign, Thrasher and Kernan had much higher total N content and a negative 8°N
signal indicative of effective symbiotic N, fixation. The *°N natural abundance method is
based on the premise that plants that do not fix atmospheric N, have a positive °N
content while N.-fixing plants have a lower or negative N content. Non-fixing plants
extract soil N in the form of NH4* and NO3™ (high *°N content) while N.-fixing plants rely
on atmospheric N, (low >N content). Consequently, non-fixing plants have positive §°N
content and N-fixing plants dilute the 8°N, yielding negative "°N content (Galiana et
al. 2002).

Jensen (1967) reported rhizobia that nodulated Lotus spp. formed a cross-
inoculation group that included several other legumes including C. arborescens. The new
species, Rhizobium loti that formed nodules on C. arborescens, first appeared in Bergey’s
Manual of Systematic Bacteriology Volume 1 in 1984 but was later transferred to the
new genus, Mesorhizobium (Jarvis et al. 1997). Mesorhizobium spp. have been identified
by 16S rRNA gene sequence analysis as being responsible for forming nodules on C.
arborescens in China and Russia (Chen et al. 2008, Baymiev et al. 2010).

Determination of the 16S rRNA-encoding sequences of the isolates revealed
clustering patterns that were consistent with those reported by Chen et al. (2008), with
isolates Laura and Kernan apparently more similar to M. amorphae and M. australicum,
and the other isolates clustering with a number of different Mesorhizobium spp. that have
been reported to nodulate C. arborescens, including M. caraganae (Guan et al. 2008) and

Mesorhizbium spp. CCBAU 11226 (Chen et al 2008). These results suggested that the
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isolates represented two groups of strains, but the high level of sequence conservation at
the 16S locus among these strains made it difficult to discern their taxonomic relatedness.
Since the high similarity of the 16S rRNA-encoding sequences of the isolates
and reference strains made it difficult to determine the taxonomic assignment of the
isolates, two protein-encoding genes were examined. The 555 nucleotide (185 amino
acid) cpn60 UT can predict taxonomic assignments using a genomic sequence identity
prediction model (Verbeke et al. 2011) and has been proposed as a DNA barcode marker
for Bacteria due to its high sequence diversity and barcode gap compared to 16S rRNA-
encoding genes (Links et al. 2012). Furthermore, cpn60 UT sequences can be compared
to cpnDB, a publicly available database of cpn60 UT sequences (www.cpndb.ca; Hill et
al. 2004). Despite these advantages, Mesorhizobium spp. and other root-nodulating
Alphaproteobacteria harbor multiple, distinct copies of the cpn60 gene, some of which
are thought to play a role in the root-nodulating phenotype (Lund 2009, Shimoda et al.
2008, Okubo et al. 2012, Wallington and Lund 1994). This has the potential to
complicate the assignment of taxonomic identities using cpn60 gene sequences since
gene transfer events among otherwise distinct species that have similar functional roles
may occur. We therefore compared the cpn60 UT sequences for each of the reference
strains for which all copies of cpn60 are known. This analysis revealed that certain cpn60
copies shared very high sequence identities among demonstrably distinct species of
Mesorhizobium (Table 3), which may indeed reflect relatively recent horizontal gene
transfer events. However, we could find no evidence in cpnDB that any of these
sequences were found in any genus besides Mesorhizobium spp., which suggests that

such gene transfer events may be restricted to taxonomically closely related
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318  Mesorhizobium spp. The cpn60 UT may therefore be useful as a taxonomic marker for
319  Mesorhizobium spp., but it seems unable to resolve below the genus level in this case,
320  unlike for most other taxonomic groups (Links et al. 2012). This is likely true of other
321  root-nodulating Alphaproteobacteria as well.

322 Comparing the cpn60 UT sequences of the isolates to one another and to

323  reference sequences revealed that the various cpn60 copies of the isolates tended to
324 cluster together, with several cases of identical cpn60 UT sequences coming from

325  different isolates. Notably, one sequence was shared in all 5 of the isolates (supplemental
326  Figure 1) which was most closely related (94% sequence identity) to one of the cpn60
327  genes of M. loti MAFF303099 (cpnDB ID b1085). It is possible that this copy of cpn60
328  plays a role in the nodulation host range of these isolates, since they were found in

329  distinct geographic regions of Saskatchewan but nodulate the same plant species.

330 recA has been examined as a sequence that could be used to predict genomic
331  sequence identity (Zeigler 2003), and has been shown to display similar phylogenies to
332  the 16S rRNA-encoding gene for root-nodulating Alphaproteobacteria with somewhat
333  higher sequence divergence (Gaunt et al. 2001). recA analysis indicated that isolates
334 Sovereign, Thrasher and Kernan form a group with M. loti and M. ciceri and are

335 apparently distinct from the Chinese isolates reported by Chen et al. (2008) and Yan et al.
336  (2007). Consistent with this, isolates Sovereign and Thrasher also had identical 16S
337  rRNA-encoding gene fragments. However, while recA is typically a better predictor of
338  species assignment than 16S rRNA-encoding genes (Ziegler 2003), the 16S rRNA-
339  encoding gene fragment of isolate Kernan was only 98% identical to the recA gene

340  fragment of isolates Sovereign and Thrasher (Figure 1 and 2). This discrepancy could be
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due to the fact that full-length recA genes were not determined in this study. Altogether,
molecular taxonomic analysis using the 3 genes investigated consistently placed all of the
isolates within the genus Mesorhizobium, although none of the three markers was able to
conclusively assign these isolates to a known species. These results underscore the
difficulties in assigning taxonomic identities to Mesorhizobium spp., even with whole
genome sequences available (Sahgal and Johri 2006). Itis likely that the determination
of the whole or partial genomic sequences of the isolates as suggested by Richter and

Rossello-Mora (2009) would help to resolve this.
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Figure legends

Figure 1. Phylogenetic tree of Mesorhizobium and related species based on a gene fragment
corresponding to nucleotides 11-536 of the E. coli 16S rRNA-encoding gene. Strains are identified
by their GenBank accession numbers (in parentheses). The percentage of 500 replicate trees in
which the taxa clustered together is shown next to the corresponding nodes.

Figure 2. Phylogenetic analysis of the recA sequences of Mesorhizobium isolates from this report,
placed in the context of the isolates reported by Chen et al (2008) and of selected reference strains.
Sequences were all trimmed to the same length (426 bp) prior to alignment. The percentage of 500

replicate trees in which the taxa clustered together is shown next to the branches.
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491  Table 1. Generation times (g) of Rhizobaceae isolates used in this study.

Strain g (hours) SE
Mesorhizobium loti Laura 5.68 0.16
Mesorhizobium loti Harris 6.84 0.51
Mesorhizobium loti Sovereign 7.16 0.36
Mesorhizobium loti Thrasher 6.62 0.25
Mesorhizobium loti Kernan 5.76 0.19
Sinorhizobium melioti BALSAC 3.45 0.72
Bradyrhizobium japonicium USDA 110 13.86 2.08
Rhizobium leguminosarum NRG457 4.44 0.08
Rhizobium tropici 899* 3.19 0.70
Mesorhizobium amorpheae 7.76 0.86

492  Generation times determined in Yeast extract-mannitol broth, 23 °C, shaking at 150rpm; see
493  materials and methods for additional details. ‘CIAT899.
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Table 2. Percent N, C and N, derived from the atmosphere from caragana leaves grown from seeds

in Hoaglands nitrogen-free media with and without Mesorhizobium isolates.

Treatment % N % C % N, derived from
atmosphere

Non-inoculated 0.6+0.1  13.8+2.9 0
Mesorhhizobium sp Laura 3.9+0.3  44.5+0.7 83.0£2.1
Mesorhizobium sp Harris 2.8+0.4  44.8+04 78.5%4.5
Mesorhizobium sp Sovereign 2.6£0.4  44.1+0.8 76.6£5.5
Mesorhizobium sp Thrasher 2.9+0.1  44.5%0.2 80.1+1.0
Mesorhizobium sp Kernan 3.2 45.2 80.0

Data represent the mean of 3 reps, 2 for the non-inoculated + the standard error and 1 for

Mesorhizobium sp. Kernan.
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Table 3. Determination of ANIm, ANIb, and Tetra scores using JSpecies along with corresponding genomic sequence identity predictions based on
the cpn60 UT and a one-gene recA-based model. Only representative results are shown for the 5 complete M. loti genomes (MAFF303099,

WSM1293, R88b, NAP2037, and R7A) that were examined.

analysis by JSpecies®

cpn60 UT sequence identity

genome target genome ANIm ANIb Tetra conclusion highest lowest
M. loti MAFF303099 (5) M.australicum WSM 2073 (3)  88.26 86.77 0.99708 different spp 0.95 0.75
M. loti MAFF303099 (5) M. ciceri bv. biserrulae (4) 87.82 85.82 0.99828 different spp 0.96 0.76
M. loti MAFF303099 (5) M. opportunistum (4) 89.12 87.84 0.99813 different spp 0.96 0.74
M. loti MAFF303099 (5) Mesorhizobium sp. BNC1 (2)  82.78  71.83 0.89382 different spp 0.83 0.74
M. loti MAFF303099 (5) M. loti R7A (4) 98.53 98.46 0.99936 same spp. 0.99 0.76
M. loti MAFF303099 (5) M. loti WSM1293 (3) 87.89 85.83 0.99845 different spp 0.94 0.76
M. loti WSM1293 (3) M. loti R88b (3) 87.77 85.86 0.99781 different spp 0.95 0.76
M.australicum WSM 2073 (3) M. ciceri bv. biserrulae (4) 88.57 86.92 0.9966 different spp 1.00 0.77
M.australicum WSM 2073 (3) M. opportunistum (4) 89.35 88.2 0.99853 different spp 1.00 0.76
M.australicum WSM 2073 (3) Mesorhizobium sp. BNC1 (2) 83.12 71.64 0.89391 different spp 0.85 0.75
M. ciceri bv. biserrulae (4) M. opportunistum (4) 89.34 89.89 0.99834 different spp 1.00 0.76
M. ciceri bv. biserrulae (4) Mesorhizobium sp. BNC1 (2) 82.9 71.5 0.89034 different spp 0.86 0.76
Mesorhizobium sp. BNC1 (2) M. opportunistum (4) 82.96 71.83 0.89066 different spp 0.86 0.76

!)Species was used to determine ANIm, ANIb, and Tetra values as described by Richter and Rossello-Mora (2009). An ANIm/ANIb of 95% with Tetra >0.99

is used to designate two strains as the same species.
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Table 4. cpnDB nearest neighbor for each copy of cpn60 analyzed for all isolates. cpn60 copies are numbered arbitrarily. Matches are

identified by their cpnDB ID numbers and, if applicable, by their GenBank accession numbers.

Isolate cpnDB nearest neighbor fasta %ID
Mesorhizobium spp. Laura

cpn60-1 b4797 NC_002678 Mesorhizobium loti MAFF303099 924
cpn60-2 b19969 AGSN01000124 Mesorhizobium amorphae CCNWGS0123 87.4
cpn60-3 b1085 NC_002679 Mesorhizobium loti MAFF303099 87.2
cpn60-4 b1085 NC_002679 Mesorhizobium loti MAFF303099 94.1
cpn60-5 b19969 AGSN01000124 Mesorhizobium amorphae CCNWGS0123 96.4
Mesorhizobium spp. Harris

cpn60-1 b19971 AGSN01000157 Mesorhizobium amorphae CCNWGS0123 92.6
cpn60-2 v12449 Mesorhizobium amorphae DSM 21831 89.9
cpn60-3 b1085 NC_002679 Mesorhizobium loti MAFF303099 94.1
cpn60-4 b18426 CP002447 Mesorhizobium ciceri biovar biserrulae 98.7
cpn60-5 b19967 AGSN01000015 Mesorhizobium amorphae CCNWGS0123 86.3
Mesorhizobium spp. Sovereign

cpn60-1 b19971 AGSN01000157 Mesorhizobium amorphae CCNWGS0123 92.6
cpn60-2 b1085 NC_002679 Mesorhizobium loti MAFF303099 94
cpn60-3 b18426 CP002447 Mesorhizobium ciceri biovar biserrulae 98.7
Mesorhizobium spp. Thrasher

cpn60-1 b19971 AGSN01000157 Mesorhizobium amorphae CCNWGS0123 87.5
cpn60-2 b1085 NC_002679 Mesorhizobium loti MAFF303099 94.1
cpn60-3 19971 AGSN01000157 Mesorhizobium amorphae CCNWGS0123 92.6
cpn60-4 v12449 Mesorhizobium amorphae DSM 21831 89.9
cpn60-5 b18426 CP002447 Mesorhizobium ciceri biovar biserrulae 98.7
cpn60-6 b18427 CP002447 Mesorhizobium ciceri biovar biserrulae 95.3
cpn60-7 v12449 Mesorhizobium amorphae DSM 21831 96

Mesorhizobium spp. Kernan
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cpn60-1
cpn60-2
cpn60-3
cpn60-4

b19969 AGSN01000124 Mesorhizobium amorphae CCNWGS0123 91

b1085 NC_002679 Mesorhizobium loti MAFF303099 94.1
b19969 AGSN01000124 Mesorhizobium amorphae CCNWGS0123 98.2
b4797 NC_002678 Mesorhizobium loti MAFF303099 92.3
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